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ABSTRACT 
 
 Increasing concerns with climate change and depleting fossil based resources require 
a shift in the current methods for chemical and fuel production and utilization. The transition 
to biomass as a sustainable carbon feedstock to replace petroleum represents an important 
step to address these concerns. Unfortunately, the mature technologies available in the 
petrochemical industry make it a considerable challenge to establish operations that produce 
biobased chemicals at a competitive cost. As a result, it becomes critical to establish 
streamlined operations to reduce the costs associated with the conversions of biobased 
feedstocks or synthesize higher value products with new or interesting properties not 
available in the current petrochemical market. 
 One strategy to convert biomass to commercial products entails the fermentation of 
cellulosic sugars to intermediates, which are then further diversified using chemical catalysts. 
In this process, biological catalysis facilitates the selective production of complex platform 
molecules, which are then efficiently converted to various biorenewable chemicals through 
chemical catalysis. However, previous attempts to combine chemical and biological 
processes have led to low conversion rates because of deactivation by residual biogenic 
impurities and catalyst leaching. In this work, an electrochemical conversion scheme is 
employed to mitigate deactivation caused by the inherent catalyst poisons present in 
biological feedstocks and fermentation growth media.  
 To demonstrate the efficacy of using an electrochemical conversion, muconic acid 
(MA), a C6 dicarboxylic acid derived from sugar fermentation, was hydrogenated to trans-3-
hexenedoic acid (t3HDA) and adipic acid. An initial screening and optimization found that 
Pb was able to hydrogenate MA to t3HDA in the presence of all possible biogenic impurities 
vii 
 
at a 94% yield. To diversify the hydrogenation products derived from cis,trans-muconic acid, 
an electrode screening study was undertaken. Early thermodynamic calculations suggest the 
potential to synthesize 3-hexenedioic acid isomers as well as adipic acid by fine tuning the 
reaction kinetics due to the similar theoretical reduction potentials. Electrodes screened were 
selected with varying degrees of hydrogen binding strength. Metals that displayed a weak 
hydrogen binding strength produced t3HDA with large faradaic efficiencies and metals with 
a stronger hydrogen binding strengths displayed the production of trans,trans-muconic acid 
and adipic acid with small faradaic efficiencies. Details into the specific electron transfer and 
reaction mechanisms were found to be influential for product selectivity. 
 Pb, a common industrial electrode, was selected for further study as a potential 
cathode to scale the MA hydrogenation. Bulk electrolysis of a concentrated solution of MA 
displayed similar yields to previous studies (94%), however, with the implementation of an 
Ar purge to remove all other electroactive species a 100% faradaic efficiency was observed. 
Because of the high yields and faradaic efficiencies, a technoeconomic analysis for the 
production of t3HDA was performed. A conservative value for the production of t3HDA at 
$2.13 kg
-1
 was obtained. The low cost was a direct result of streamlining the chemical 
conversion steps, which minimized the cost for additional separation processes and operating 
units. 
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     CHAPTER 1 – GENERAL INTR ODUCTION  
 
GENERAL INTRODUCTION 
1.1 Introduction 
 
 There is indisputable evidence that global temperatures are risings because of human 
activity predominately caused by the use of petroleum.
1
 The anthropogenic climate change 
results from a significant imbalance in the rate at which greenhouse gas emissions are 
produced and sequestered. Because of the increase in emissions, many aspects important to 
society are at risk. Oceanic ecosystems sensitive to slight pH changes are at risk due to the 
increase in carbonic acid, food supplies will be disrupted due to increase occurrence in 
droughts and extreme weather events, and increased occurrences of heatwaves are a direct 
concern for human health.
2
 
 The need to transition from petrochemistry to renewable chemistry is imperative for 
the mitigation of climate change. Recently this has become a concerted effort as 200 nations 
around the world will try to maintain the global temperature below 1.5 °C from pre-industrial 
times and prevent irreversible damage to the planet.
3
 As the world’s population increases to 
7.4 billion this year
4
, increased demand for resources prompts more difficulty in mitigating 
the negative effects of climate change. 
 The main sectors producing greenhouse gasses as defined by the international panel 
on climate change are electricity and heat production, agriculture, transportation, and 
industry (Figure 1).
5
 Industry represents a large fraction (21%) of these emissions, and 
provides opportunities to develop sustainable technologies. Carbon capture and storage 
(CCS), developments in renewable energy, and use of new chemistries represent three 
options. However, within these three options, technologies that deviate from petrochemistry 
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are the only way to provide for a truly sustainable solution in terms of both greenhouse gas 
emissions and the use of non-depleting chemical feedstock. 
 
 
 
Figure 1. Global greenhouse gas emissions by economic sector. Reproduced from 
5
. 
 
Biomass with a net-neutral or negative carbon life cycle represents the most relevant 
renewable source of carbon for the development of sustainable chemistry.
6
 Unfortunately, the 
swift implementation of this renewable resource is slowed in part due to the methods of how 
biomass is converted. 
1.2 Biomass Conversion 
 Although there is considerable variation in the way biomass is converted, the 
chemistries of the feedstock provide constraints. Determining a potential platform 
intermediate derived from biomass requires looking at the source of the feedstock. Biomass 
is comprised of proteins, lipids, sugars, starches, and lignocellulose.
7
 Variance in the content 
will partly dictate where the feedstock is slated for after production. For example, algae are 
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non-vascular and as a result contain a small fraction of lignocellulose and high content of 
lipids. The high lipid and low lignocellulose content make algae attractive for biofuel 
production. Conversely, sugarcane produces a large amount of sugar and corn and wheat 
grain produce a large amount of starch.
8
 Derived sugar can then be easily fermented to 
renewable chemicals. 
 Although the content of biomass is highly varied, the sources of where the feedstock 
is obtained put additional constraints on the quantity produced in terms of both 
manufacturing and logistics. For example, the entirety of cellulosic ethanol production in 
Iowa collects their feedstock within a 30-mile radius of the plant.
9
 With these constraints, the 
location of a plant to their resources is very important for the production of fuels and 
chemicals from biomass. Best-suited locations for the production of chemicals are in close 
proximity to the feedstock. 
 Lignocellulose is the most abundant renewable carbon source on Earth
10
 and 
represents a significant opportunity to produce fuels and chemicals at a commodity scale in 
terms of the abundance and feedstock location. As opposed to the production of fossil fuels, 
large amounts of oxygen in biomass require its removal to produce high-energy content fuel 
or defunctionalized chemical intermediates. A wide variety of chemical transformation 
techniques are utilized to remove oxygen from biomass, but most conversion techniques 
sacrifice carbon (e.g. decarboxylation/decarbonalyation) or require a significant amount of 
hydrogen (e.g. dehydration) to obtain a higher energy density fuel. While there is a 
considerable market for fuels, the loss of carbon through the removal of oxygen or the 
requirement to supply hydrogen is an inherent barrier that detracts from the use as a fuel. In 
contrast, utilization of biomass for the production of chemicals allows flexibility in terms of 
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the quantity of production and feedstock utilization. Additionally, the more valuable 
components of biomass (e.g. carbohydrates) can be used for the production of chemicals 
because of the higher end value.
11
 
 To convert biomass to chemicals, biological or chemical routes are employed. 
Typically, a single transformation technique produces a single molecule, which limits the 
efficacy of the efficient biorefinery strategy where one platform molecule diverges to a wide 
range of chemical products.
12
 In order to develop methods that diverge from single 
technology single product conversion strategy to multiple technologies and conversion 
strategies, a report was developed that defined several figures of merit for biomass 
conversion. In this report, Werpy and Petersen list a set of 14 platform molecules based on 
the promise as a molecular building block and scale up considerations (table 1).
12, 13
  
 
Table 1. Criteria used in evaluating biobased product opportunities from carbohydrates. 
Adapted from [
12
] with permission of The Royal Society of Chemistry. 
1. The compound or technology has received significant attention in the literature. A 
high level of reported research identifies both broad technology areas and structures 
of importance to the biorefinery. 
2. The compound illustrates a broad technology applicable to multiple products. As in 
the petrochemical industry, the most valuable technologies are those that can be 
adapted to the production of several different structures. 
3. The technology provides direct substitutes for existing petrochemicals. Products 
recognized by the chemical industry provide a valuable interface with existing 
infrastructure and utility. 
4. The technology is applicable to high volume products. Conversion processes leading 
to high volume functional equivalents or utility within key industrial segments will 
have particular impact. 
5. A compound exhibits strong potential as a platform. Compounds that serve as 
starting materials for the production of derivatives offer important ﬂexibility and 
breadth to the bioreﬁnery. 
6. Scaleup of the product or a technology to pilot, demo, or full scale is underway. The 
impact of a biobased product and the technology for its production is greatly 
enhanced upon scaleup. 
7. The biobased compound is an existing commercial product, prepared at 
intermediate or commodity levels. Research leading to production improvements or 
new uses for existing biobased chemicals improves their utility. 
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Table 1. Continued 
8. The compound may serve as a primary building block of the bioreﬁnery. The 
petrochemical reﬁnery is built on a small number of initial building blocks: oleﬁns, 
BTX, methane, CO. Those compounds that are able to serve an analogous role in the 
bioreﬁnery will be of high importance. 
9. Commercial production of the compound from renewable carbon is well 
established. The potential utility of a given compound is improved if its 
manufacturing process is already recognized within the industry. 
 
5-Hydroxymethylfurfural (HMF), for example, is produced by the dehydration of glucose 
over an acid catalyst.
14
 HMF can then be oxidized to furandicarboxilic acid, a monomer used 
in the production of polyethylenefuranoate (PEF). PEF, or as the Dutch company Avantium 
is calling it YXY, has better gas/liquid barrier properties than terephthalic acid derived 
plastic bottles.
15
 HMF can also be converted to a vast array of other industrially important 
compounds including 2,5-dimethylfuran interesting for fuel production and caprolactam for 
the synthesis of nylon (Figure 2).
16
 This example shows the strength in developing a 
biorefinery approach to producing chemicals. To increase the efficacy of the biorefinery 
approach further, the development of processes that have a wide range of diversity in 
molecular production, a combined biological and chemical route shows promise.
17-19
 
 
 
 
Figure 2. 5-hydroxymethylfurfural as a platform chemical. Adapted with permission from 
from [
16
]. Copyright (2013) American Chemical Society. 
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1.3 Combined Bio-Chemocatalysis 
 The main benefit to coupling biological catalysis and chemical catalysis is to leverage 
the advantages for each conversion scheme. The production of renewable chemicals through 
biological catalysis requires the use of multiple enzymes that selectively convert the highly 
functionalized species through complex metabolic pathways. Often, slow conversion rates or 
low molar yields of product per mole of feed (e.g. glucose) limit the use of biological 
catalysts. For example, the synthesis of adipic acid, a six carbon dicarboxylic acid, from 
glucose suffers from slow conversion rates.
20
 However, the biological route can combine 
more than 8 catalytic steps in a single microorganism to produce muconic acid from 
glucose.
21
 Conversely, chemical catalysis provides an efficient and robust process to convert 
biorenewable chemicals. Although the turnover frequency of the catalyst could be small 
compared to enzymes, the large number of active sites per volume of catalyst likely increases 
overall conversion rates. Yet, unlike biological catalysis, each atom of a chemical catalyst 
may be in a different environment and as a result provide different product selectivities. 
Particle size, shape, impurities on the surface, confinement effects, and even the metal 
particle support interaction all impart different reactivities at the catalyst surface (Figure 3).
22
 
 Considering the benefits of each type of conversion, coupling two types of catalysis 
provides an attractive method for converting feedstock to biorenewable chemicals. The 
Dutch scientist Van Bekkum first demonstrated this combined approach in 1980.
23 
In this 
first example, glucose was enzymatically converted to D-fructose and then subsequently 
hydrogenated to D-Mannitol.
23, 24
 This strategy facilitated an increased yield of D-Mannitol 
over the industrial standard for synthesis in 1980.  
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Figure 3. Structural parameters that influence kinetic effects of catalysts. Reproduced from 
[
22
] with permission of Springer. 
 
 More recent studies have combined biological and chemical catalysis using whole 
cells with chemical catalysts under a wide variety of different reaction conditions. Gröger 
and Hummel reviewed chemocatalytic conversions followed by biocatalytic conversions 
tailoring the discussion to additional advantages of using a combined enzymatic and 
thermochemical route to form chemicals that are not accessible by a single conversion 
scheme such as cross-coupling, metathesis, and Wacker-oxidations reactions.
10
 Similarly, 
Schwartz et al. reported the production of biologically derived platform molecules followed 
by chemical catalysis.
25
 At the current stage, the selection of a specific conversion scheme, 
potential platform molecule, and subsequent implementation in a biorefinery require 
forethought of the specific molecules sought after.  
 What remain clear are the necessary goals for a biorefinery. In an idealized setting, 
renewable chemicals would be produced by biological catalysis and chemical catalysis in one 
pot using abundant feedstock in accordance with green chemistry principles. Partly termed 
cascade catalysis
26
, this methodology would provide shortened synthesis times, eliminate 
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additional separation steps, and utilize green solvents such as water. Formation of methyl-4-
doexy-6-aldehydo-β-D-glucoside utilizing a combination of enzymatic, homogeneous, and 
heterogeneous catalysis in a single pot demonstrated the use.
27
 The combination of the two 
catalytic steps can even yield unknown synergistic effects providing higher product yields or 
faster conversion rates.
28, 29
  
1.4 Problems with Combined Catalysis 
 Unfortunately, the combination of the two species typically limit the use of each 
conversion step due to poisoning of metal by the biogenic impurities in the reaction medium 
or poor catalyst hydrothermal stability.
30-32
 Poisoning of noble metal catalysts is facilitated 
by the strong adsorption of impurities that are inherent to a fermentation broth.
33
 The amino 
acids present in a fermentation broth have been identified as a significant problem since low 
concentrations (<100 ppm) can irreversibly poison noble metal catalysts.
31
 The adsorption of 
methionine binding through the methylsulfide group is listed as one of the major inhibitors.
34
 
In fact, only 0.01 mM methionine caused complete deactivation of a common hydrogenation 
catalyst, Ni/SiO2.
31
  
 In addition to amino acids, there are wide varieties of additional impurities found in a 
fermentation broth including compounds from the growth medium, produced metabolites, 
cells, and potential cell lysis adding to the complexity of the fermentation broth. To simplify 
studies concerning the impurities in fermentation media, biogenic impurities are grouped 
according to distinct classifications. Proteins, organic acids, salts, sugars, cell lysis, and 
elemental impurities in spent media outline simplified considerations for studying the 
influence of impurities on chemical catalysis after fermentation. In one study, a noble metal 
catalyst is poisoned by the presence of different impurities derived from lactic acids 
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hydrogenation. These results specify a set of representative inhibitors in the fermentation 
broth (Table 2)
30
 and have major implications concerning cascade catalysis using chemical 
and biological routes. For example, if chemical catalysis follows biological catalysis, it then 
becomes necessary to design a metal catalyst that is tolerant to these inhibitors in the 
fermentation medium. If the catalyst is not tolerant, the impurities will need to be removed at 
a level that is within an allowable limit. Considering separations of sugar-derived 
fermentations are estimated to be between 50-70% of the total production cost, engineering a 
catalyst tolerant to the presence of major inhibitors is of upmost importance.
35, 36
 
 
Table 2. Influence of biogenic impurities on the lactic acid hydrogenation to propylene 
glycol rate using a Ru/C catalyst. Adapted from [
30
]. Copyright (2008), with permission from 
Elsevier. 
Impurity 
Decrease in conversion between feed solution containing 
pure LA and LA with impurities after 60 h time on 
stream (%) 
Salts (NaSO4, Na2HPO4) 0% 
Carbohydrates (Glucose, 
Sorbitol) 
0% 
Organic acids (Succinic acid, 
Propionic acid) 
0% 
Proteins (Bovine albumin) 20% 
Amino Acids (Cysteine, 
Methionine) 
100% 
 
 The hydrothermal stability of the chemical catalyst is also a concern. While many 
petrochemical reactions are carried out at high temperature and in the gas phase, the 
conversion of biorenewable chemicals entails the use of green solvents such as water and 
alcohols that provide new constraints in terms of catalyst stability. Metal oxides undergo 
dissolution under reaction conditions and/or structure collapse can occur significantly 
decreasing the active area of the catalyst.
37
 Salts also inherent to biologically-derived 
feedstocks could also cause leaching.
38
 In this sense, in addition to engineering a catalyst 
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stable in the presence of the multitudes of biogenic impurities produced through 
fermentation, one also has to consider the hydrothermal stability of catalyst under 
representative reaction conditions.  
1.5 Engineered Solutions 
 The required tolerance to impurities in the reaction medium often requires a high 
purity feed stream. To mitigate catalysts deactivation, multitudes of strategies are available. 
An obvious technique would be to separate species that poison and leach the chemical 
catalyst. Depending on the sought after product, distillation, pervaporation, crystallization, 
precipitation, filtration, chromatography, and reactive extraction are employed.
36, 39, 40
 
Distillation, while commonly used in the petroleum industry, is not as attractive due to the 
high boiling points and low decomposition temperature of chemicals in the fermentation 
broth making it energy intensive to separate species while generating concerns for chemical 
stability. Reactive extraction is another technique that is gaining interest for sugar-derived 
fermentation. In this technique, the platform molecule can be reacted with a chemical that 
coordinates with it allowing it to separate to the organic layer of the biphasic reaction 
mixture.
40-42
 Unfortunately, due to small amounts of N and S containing impurities in the 
fermentation broth, a high purity is required. Depending on the molecules of interest and the 
impurities in the fermentation broth, the cost to remove impurities present in the fermentation 
broth at ppm levels would likely require a considerable financial investment.  
 Another strategy to mitigate deactivation is to prevent the species responsible for 
poisoning from irreversibly binding to the surface of the catalyst. The use of nanoreactors, 
microenvironments, and atomic layer deposition are methods that could prevent catalyst 
11 
 
deactivation.
25, 43
 Each of these techniques provide access for the reactant to active site while 
preventing impurities from adsorbing to the catalyst surface. 
 For large impurities, metal particles encased in zeolites were suggested to prevent 
poisoning of specific molecules through molecular sieving. This was demonstrated in the 
hydrogenation of ethylene over a zeolite-encapsulated Pt catalyst in the presence of 
thiophene as well as for the oxidation of CO in the presence of propylene.
44
 Both of these 
studies were facilitated by the large difference in diffusion rate into the 3D zeolite between 
the present impurity and reactant. Conversely, reactants larger than the present impurity 
require the use of 2D nanoreactors. In one example, Yao deposited submonolayers of carbon 
on a Pt(111) surface.
45
 In this approach, Pt is intercalated between a graphitic carbon 
overcoat and a metallic surface, which weakens the strong Pt-CO bond and facilities CO 
oxidation.  
 While these examples demonstrate interesting concepts, transitioning to a biorefinery 
requires optimization of catalysts suitable for aqueous phase conversion in the presence of 
trace amount of N and S catalysts poisons. In one example, Schwartz et al. engineered a 
catalyst with a protective polyvinylpyrrolidone overcoat creating a microenvironment that 
allows the reactant to diffuse through and react at the surface of the catalyst while preventing 
impurities in the solution from irreversibly poisoning the surface.
46
 To transition to a 
biorefinery that combines biological and chemical conversion more examples of this 
approach are needed. 
 Each of these examples demonstrates an approach to mitigate catalyst deactivation. 
However, it would be advantageous to develop solutions requiring minimal separation and 
economical catalyst design. An electrochemical approach displays considerable advantages 
12 
 
over the typical thermochemical route, yet is largely unexplored for biomass conversion. In 
particular, catalyst stability in the presence of a multitude of biogenic impurities derived from 
fermentation and the feedstocks. 
1.6 Electrocatalysis 
 A catalyst is a substance that increases the rate of a chemical reaction without being 
consumed. An electrocatalyst is a substance that increases the rate of  an electrode reaction 
(heterogeneous or homogeneous) without being consumed.
47
 Overall, this effect would 
equate to a decrease in the potential required for conversion. However, recent definitions for 
electrocatalysis only require perturbations in the system that cause a beneficial change in the 
electrochemical response.
47
 As a result, the broad definition could even term “benefits in 
electrocatalysis” as changing the solvent employed if an increased electrochemical response 
is observed. 
 Electrochemical processes and techniques to facilitate chemical synthesis have been 
known for centuries.
48
 Electrochemical reactions for the conversion of biorenewables 
typically occur at room temperature and atmospheric pressure
49-52
 providing a streamlined 
route for cascade catalysis. In addition to ideal reaction temperatures and pressures, catalyst 
selection is of particular importance. Catalysts such as Pb and Cd are used for cathode 
reactions because the kinetics for reductions are much faster than competing reactions in the 
solution.
49, 51, 53-55
 Compared to thermocatalytic hydrogenations, this catalyst selection is a 
marked difference. Pt group metals typically employed for hydrogenation reactions and 
readily poisoned by N and S containing impurities can now be replaced with metals that do 
not have a strong binding affinity with biological impurities. In addition to selecting metals 
that do not have a strong binding affinity towards these transition metal surfaces, the 
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potential applied to the surface of the electrode can also mitigate poisoning from species in 
the solution
56
 and ensure a metallic state of the electrode surface depending on the specific 
potential.
57, 58
 Further, the co-production of hydrogen directly at the electrode surface 
eliminates mass transfer effects and, as a result, kinetic barriers for splitting hydrogen at the 
electrode surface.
59
 As electrons are inherently “green”, this strategy would also facilitate a 
beneficial life cycle analysis.
60
 
1.6.1 Fundamentals  
 Before discussing electrochemistry further, it is important to understand some 
fundamentals of this process. Although these reactions can occur at room temperature, 
atmospheric pressure, and without the need of external H2, a driving force is required. 
 In an electrochemical cell, the voltage, or the amount of energy available to transfer 
charge is the driving force for the reaction. For an electrochemical reaction to proceed, a net-
zero charge balance is developed between two half-reactions that include an oxidation and 
reduction. The charge transferred for these electrochemical reactions occurs in an electrolyte 
between two electrodes. The electrolyte is an ion conductor transporting charge between the 
two electrodes. The two electrodes are defined as the anode and cathode. Oxidations occur on 
the anode and reductions occur on the cathode. In the simplest setup, an anode and cathode 
are placed in the same conductive medium. As an example, in water with a suitable 
electrolyte, hydrogen evolution can occur at the cathode balanced by the oxygen evolution 
reaction at the anode. This reaction is used in industry to produce high purity hydrogen gas. 
Often one-half reaction limits the use of the electrochemical process. For example, the 
oxygen evolution reaction is the limiting reaction for the industrial electrolyzer due to the 
large overpotential (potential required above the thermodynamic potential for the reaction to 
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proceed) for this half-reaction. A nice feature of electrochemical reactions is that catalysts 
can be developed for each half-reaction. As a result, a significant amount of research is 
required to develop catalysts for limiting reactions such as the oxygen evolution reaction for 
electrolyzers or oxygen reduction reaction for fuel cells.
61
 
 A typical setup to test the activity of catalysts developed for a particular half-reaction 
requires the use of a working, counter, and reference electrodes (Figure 4). Called a three-
electrode setup, the potential applied to the working electrode is set against a known 
electrochemical reaction in the reference electrode. This allows the experimentalist to study 
the anode and cathode reaction separately. 
 
 
 
Figure 4. Schematic diagram of a three-electrode electrochemical cell. Reproduced from [
62
]. 
Copyright (2007), with permission from Elsevier. 
 
 Experiments used to understand the quality and behavior of electrodes vary the 
applied voltage or current and measure the corresponding response. Cyclic voltammetry, one 
of the most common electrochemical methods, cycles the applied voltage to the electrode and 
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measures the corresponding current. In cyclic voltammetry, the current represents the amount 
of charge transferred per time. The charge transferred during the reaction is directly 
proportional to the amount of chemical being reduced or oxidized by Faraday’s law, which 
states that the passage of 96,485 C causes 1 mole of product conversion in a 1 electron 
transfer reaction. It is important to mention that mass transfer during these experiments 
represents a significant contribution to this analysis. As the concentration of the reactant 
close to the surface of the electrode decreases due to reactant conversion, the diffusion layer 
grows on the surface of the electrode. This causes a decrease in the expected current 
observed. Many electrochemical techniques cleverly utilize mass transfer limited current for 
chemical analysis. For example, when developing non-noble metal catalysts for the oxygen 
reduction reaction, one can determine the average number of electrons transferred during the 
reaction through Levich analysis. The 4 electron pathway is a complete reduction of oxygen 
to water while the inefficient 2 electron pathway proceeds through a peroxide intermediate. 
Depending on the number of electrons transferred determined by the mass transfer limited 
current, the reaction pathway of the catalyst is determined. Similar techniques will be 
developed in the following chapters to compare figures of merit between electrocatalysts. 
1.6.2 Bulk Electrolysis 
 The discussion of electrochemical experiments has mainly focused on the techniques 
that study an electrochemical system without changing the concentration of species in the 
electrolyte. Although the electrochemical responses from cyclic voltammetry provide 
information regarding the onset for redox reactions, it is also necessary to understand how 
the electrochemical system behaves during bulk reactant conversion. Product stability and 
inhibition on the electrode surface are two main concerns when performing bulk chemical 
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conversion, or synonymously bulk electrolysis, that will limit the conversion rates and 
product yields. 
 To perform bulk electrolysis, constant current or constant voltage techniques are 
utilized. The use of a specific technique is dependent on fundamental reaction parameters 
such as electron efficiency and voltages required for the reaction. Generally, galvanostatic 
techniques (constant current) are used in industry due to the simplicity of required 
equipment
63
 and constant voltage holds are used in academia to probe parameters such as 
onset potentials and product selectivities. While the use of these techniques makes up a small 
fraction of the chemical industry, a number of organic electrochemical reactions exist
64
 with 
a small fraction making it to commercial stage development.
65, 66
 
1.6.2.1 Oxidation Reactions 
 Either an anodic or a cathodic reaction can take place at an electrode surface. For 
aqueous oxidation reactions of biomass, one reaction pathway suggests that hydroxyl radicals 
are formed that in turn react with the organic species.
67
 Through the oxidation of organic 
compounds, such as alcohols produced by biological means, a wide range of chemicals and 
fuels can be synthesized. Often, these compounds are oxidized specifically for electricity 
generation in a fuel cell.
68-70
 The 12 electron transfer to oxidize ethanol to CO2 is one 
potentially applicable route. Compared to other alcohol-based fuel cells, ethanol is non-toxic 
and can be produced in high yields from biomass. Although carbon-based fuels suffer from a 
vast array of problems such as fuel crossover and poor catalyst activity, the use of higher 
energy dense fuels other than hydrogen show promise for portable device applications.
71
 
Conversely, electrochemical synthesis can also yield hydrocarbon fuels for internal 
combustion engines or chemicals for synthesis. One of the most prominent routes for 
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producing alkanes and olefins is through Kolbe electrolysis.
72, 73
 In one example, fatty acids 
can be electrochemically oxidized though Kolbe electrolysis to produce fuels, lubricants, 
detergents, or olefins for chemical synthesis.
74
  
1.6.2.2 Reduction Reactions 
 Considering biomass is made of highly oxygenated compounds, chemical 
transformations that selectively remove these added functionalities present an attractive 
opportunity. In this regard, the reduction of bio-derived molecules show promise for the 
production of a wide range of chemicals. Fritz Haber was one of the first to demonstrate 
examples of electrochemical reductions using nitro compounds.
75
 Since then, additional 
nitrogen compounds including, amides, imies, and even nitrogen have been reduced to the 
corresponding amine.
64, 67, 76
 In addition to reducing nitrogen functionalities,  carbonyls 
including aldehydes, ketones, carboxylic acids, esters have been reduced to the 
corresponding alcohol and unsaturated compounds have been reduced to their saturated 
counterpart.
64, 67, 76
 Considering this extensive list, it is not surprising that many additional 
chemical transformations can occur by introducing electrons into a chemical system.
64
 
 The discussed reactions operate under a wide range of chemical environments, but a 
few similarities exist among the reaction conditions. Electrode selection, operating potentials, 
and the electrolyte selected define the driving force for the reaction and provide a selective 
means to reduce a particular molecule of interest. 
 As mentioned above, Pb and Cd are common electrodes for reduction reactions. In 
aqueous media, the standard electrode potential for reducing protons to H2 is 0.00 V vs. 
normal hydrogen electrode (NHE). The standard reduction potential of levulinic acid is 
greater than 0.00 V, indicating the reaction is thermodynamically favored. However, proton 
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reduction or the hydrogen evolution reaction (HER) is one of the fastest electrochemical 
reactions known. This difference in kinetics provides a constraint towards catalysts selection. 
Due to the competition between the formation of hydrogen gas and the reduction of the 
organic compounds, metals that are poor HER catalysts are typically selected. The selection 
of HER catalysts, although not known at the time of Haber, follows Sabatier’s principle for 
catalysis. Interactions between the reactant and catalyst surface should not be too weak 
causing failure of the reactant to bind to the surface or too strong to poison the surface of the 
electrode by site blocking. Volcano plots that display the activity for the HER as a function 
of ΔGHad for a wide variety of metals have been developed for the HER (Figure 5).
77, 78
 Pb 
and Cd display weak hydrogen binding strength and as a result show poor HER activity. The 
competition between the organic reduction and other competing reactions including HER is 
lumped into a sum called the faradaic efficiency (FE), which compares the amount of 
electrons going into the organic reaction versus competing reactions. For some reductions, 
this value suggests unreasonable undertakings. One of the most prohibitive is the reduction of 
lactic acid. A renewable feedstock and very interesting  for use in chemical production, yet 
the FE for the synthesis of for 1,2-propanediol and lactaldehyde molecules is at best 
1.29*10 
-5
%.
62
 In addition to catalyst selection, applying a lower cathodic potential decreases 
the kinetics for the HER. The rate of an electrochemical reaction follows current-potential 
characteristics, which states that the rate of the reaction is exponentially dependent on the 
applied potential (Equation 1). Similar to changing the temperature for typical heterogeneous 
catalytic reactions, if the cathodic potential is too low there will not be enough energy to 
exceed the reaction barrier. A potential between -0.3 V and -1.8 V vs. NHE is typically 
selected for biomass conversion. With Pb or Cd electrodes, a large cathodic potential can be 
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applied providing a high enough voltage to exceed the activation barrier while minimizing 
the less favorable formation of dihydrogen. For a multitude of reactions, the selected Pb 
catalyst displays a higher conversion of organic reactants compared to other transition metal 
catalysts.
49, 51
 It should be mentioned that other metal catalysts could provide different 
selectivities, an important consideration in electrocatalyst selection. 
 
  
 
Figure 5. Exchange current densities for the hydrogen evolution reaction plotted vs. the 
metal hydrogen bond strength from (left) Adapted by permission from Macmillan Publishers 
Ltd: Nature Materials [
78
], copyright (2006) and (right) Reprinted from [
77
]. Copyright 
(1972), with permission from Elsevier.  
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Equation 1. Current-potential equation Where i is the current, F is Faraday’s constant, A is 
the surface area of the electrode, k
0
 is the standard rate constant, CO is the concentration of 
the oxidized species at the surface of the electrode, 𝛼 is the transfer coefficient, f=F/RT 
where R is the ideal gas constant and T is the temperature, E is the applied potential, E
0’
 is 
the standard reduction potential, and CR is the concentration of the reduced species in the 
solution at the surface of the electrode. 
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 To completely suppress HER, aqueous phase electrolytes can be substituted for 
organic electrolytes.
64, 66
 Although this mitigates HER formation, the use of organic 
electrolytes imparts considerable resistance in the electrolyte. Added resistance increases the 
energy requirement for the synthesis and requires mitigation of resistive heating throughout 
the electrolyte. For certain reactions, the use of other aprotic solvents are necessary for the 
reaction to proceed. Although there are biological entities resistant to organic conditions,
35
 it 
is likely that pure organic electrolytes will not have a place in bulk chemical synthesis that 
combines biological and chemical catalysis. This limits the use of electrolytes to mildly 
acidic, neutral, or slightly basic conditions generated through the production of platform 
molecules through biological catalysis. Each electrolyte has characteristics in organic 
electrosynthesis that could be beneficial or disadvantageous. Similar to the selected catalyst 
and applied potential, the solvent medium imparts a large amount of tunability in the system. 
For an electrocatalytic hydrogenation, the mechanism for H2 formation differs quite 
extensively in acidic and basic media. While this is still an area that is debated, there is a 
clear difference in the activity between catalysts in both media.
79
 For an electrochemical 
hydrogenation, also termed electrocatalytic hydrogenation, the formation of a solvated 
electron intermediate in basic conditions can have unique reducing power.
64
 
1.6.2.3 Hydrogenation Reactions 
 Reduction reactions incorporate a considerable amount of literature of particular 
importance for biomass conversion. Hydrogenations are a branch of organic electrosynthesis 
and have been applied to numerous compounds.
76
 Since Haber’s reduction of nitro 
compounds, the hydrogenation of furans
49, 80-82
, glucose
49
, and bio-oil model compounds
85
 
has further demonstrated the relevance of electrochemical conversions of bio-derived 
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feedstocks to value-added products. In an electrochemical hydrogenation, the reaction can 
follow two main derived pathways: electrocatalytic hydrogenation (ECH) or an 
electronation-protonation (Equation 2). 
 
 
 
Equation 2. Potential electrocataltyic hydrogenation (1-2) and electronation-protonation 
mechanism (3) where M is a metal surface. Hydrogenation could occur on species S from the 
reaction with an adsorbed hydrogen atom (2) or from the formation of a radical anion 
intermediate (3). Adapted from [
59
]. Copyright (1992), with permission from Taylor & 
Francis. 
 
 An ECH is characterized by the electrochemical reduction and adsorption of protons 
or water in the solution to the surface of the electrode, which then reacts with the adsorbed 
organic reactant whereas the electronation-protonation follows a classic electrochemical EC 
reaction mechanism.
76
 An EC reaction is an electrochemical reaction followed by a chemical 
reaction. For example, the production of a radical anion followed by a reaction with a 
chemical in the solution. For a hydrogenation reaction, the radical anion could then react with 
a proton in a solution. 
 While there are only two-main derived pathways, the order in which the reactions 
take place are highly variable. For a four electron transfer reduction an ECEC, CECE, CCEE, 
EECC, CEEC, ECCE, or catalytic based routes are possibilities. To increase the complexity 
of designing electrocatalysts, the electron transfer for electrochemical based reductions could 
occur in an outer-sphere electron transfer or an inner-sphere electron transfer and the 
reactions can undergo concerted based reaction pathways.
83, 84
 An inner-sphere electron 
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transfer comprises of a redox species interacting with an electrode surface. The molecule at 
the surface of the electrode can be activated and when the bond orbitals sufficiently overlap 
an electron transfer proceeds.
85
 As opposed to inner-sphere electron transfer, the outer sphere 
electron transfer can proceed without forming a bond to the surface of the electrode.
85
 The 
electrode selection is not an important consideration in that case.
86
 The reaction pathways 
described above can differ depending on the applied potential and electrode material 
providing challenge for computational understanding and electrocatalysis synthesis when a 
specific set of reaction conditions are not specified.  
 Currently there are only a few examples of electrochemical reductions targeting 
biorenewable chemicals. 5-hydroxymethyl furfural (5-HMF), furfural, lactic acid, and 
levulinic acid are three major platform molecules derived from biomass that have recently 
been explored for the production of chemicals by ECH. The ECH of 5-HMF can produce a 
wide variety of compounds. Products include 2,5-dihyroxymethylfuran and 2,5-
dihydroxymethyltetrahydrofuran for polyester synthesis and the dehydration products such as 
2,5-dimethylfuran for fuels.
14, 49, 55
 Recently reported was the ring opening of 5-
hydroxymethylfurfural to produce 2,5-hexanedione, an intermediate for para-xylene 
formation.
87
 Furfural inherently has fewer derivatives from an ECH: furfural alcohol and 
methyl furan.
88
 Lactic acid hydrogenates to 1,2-propanediol
62
 for use in polyester synthesis 
and levulinic acid can produce intermediates for biofuels or solvents.
51, 53
  
 A set of metal screenings for most of these new studies has outlined the framework 
for further study of these molecules.
49
 As expected, the use of different early, late, and post 
transition metal catalysts provided marked differences in selectivity for the reaction. 
Currently the reaction mechanisms are speculated and the influence of a particular metal on 
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the selectivity for the reactions is unknown. Considering the promising strategy of converting 
lignocellulosic material by biological catalysis and chemical catalysis, the benefits of 
electrochemical conversion techniques, and the need to hydrogenate biomass, it would be 
particularly interesting to study other biobased compounds to develop methods for 
hydrogenation that can be applied to a broad spectrum of platform molecules. 
1.7 Muconic Acid 
 Muconic acid (MA) is not listed as a “top 10” molecule according to Werpy and 
Peterson.
13
 However, MA displays significant potential to produce a wide variety of 
monomers for the production of polyesters and polyamides. Through hydrogenation, MA can 
be converted to 3-hexenedioic acid, adipic acid, and 1,6-hexanediol. An additional Diels-
Alder reaction on trans,trans-muconic acid also provides a route for the production of 
terephthalic acid. The three later chemicals have tremendous importance in industrial 
synthesis of polyurethanes, polyesters, and nylons. 3-hexenedioic acid is an interesting 
compound that can be further reacted to yield poly(ester)ethers that have appealing 
biocompatibility properties.
89, 90
 Further, nylons synthesized with 3-hexenedioic acid can be 
functionalized with moieties that improve various chemical properties such as 
hydrophobicity/hydrophilicity and flame retardance.
28
 
 Current production of adipic acid and 1,6-hexanediol derives from the oxidation of 
benzene. There are number of routes to convert benzene to one of the derived molecules, the 
most common being the DuPont process (Figure 6). In this process, benzene is hydrogenated 
to cyclohexane. This is followed by an air oxidation to produce KA oil that contains a ratio of 
cyclohexanol and cyclohexanone. Nitric acid is then used for the selective oxidation of the 
KA oil. To mitigate the significant amount of NOx emissions, other processes utilize air; 
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however, low selectivities and conversion rates towards desired products limits the use of 
these methods.
91
 This provides a great opportunity for the development of supplementary 
processes that have a beneficial life cycle analysis. 
 
 
 
Figure 6. DuPont process for producing adipic acid. 
 
 Biological routes towards MA show the most promise to produce adipic acid and 1,6-
hexanediol substitutes. Muconic acid is produced by fermentation through a wide variety of 
precursors that include molecules derived from lignin and sugar. Both yeast and bacteria 
ferment feedstocks to MA, however, there are number of differences between the two 
platforms. As a technology, Escherichia coli is the most developed, producing titers of 
59.2 g L
-1 
at a 30 molmuconic acid /molglucose %.
92
 Glucose is the most common feedstock for 
production, but other bacteria, including Pseudomonas putida, have fermented lignin-derived 
aromatics such as p-coumarate and ferulate at a 29 mol/mol% yield.
93, 94
 Comparatively, 
Saccharomyces cerevisiae currently produces a maximum titer of 2.1 g L
-1
 at a 1 molmuconic 
acid /molglucose% yield starting from glucose.
95
 Although these titers and yields seem 
discouraging, yeast is able to resist the shear stresses an impeller delivers in a batch 
fermenter, resist phage contamination, and is comparatively less toxic. With the large 
amounts of recent development in metabolic engineering, MA holds significant promise as a 
platform molecule.
95-97
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 Considering the commodity chemicals with a significant market value, continuing 
developments in metabolic engineering, and potential offsets in global warming, efforts are 
needed in downstream conversion of this platform molecule. To achieve economically 
sustainable conversion, it is crucial to streamline the fermentation and downstream catalytic 
processing steps. Current processes recognize the need to separate impurities from the MA 
fermentation broth to prevent catalyst deactivation.
94
 As an initial presentation of utilizing 
ECH as a technology that is hypothesized to be stable in the presence of a multitude of 
impurities, MA derived from biological conversion should be converted to downstream 
hexenedioic acids. Subsequent efforts should then be expanded to incorporate other platform 
molecules that advance ECH as a necessary technology to convert biobased platform 
molecules. 
1.8 Thesis Organization 
 In an effort to develop the electrochemical conversion as a viable technology, which 
streamlines biological and chemical conversion, four studies will be presented. The first 
chapter consists of a literature review and background of the research project. Chapter 2 is a 
high-level screening and optimization to produce the chemical trans-3-hexenedioic acid 
(t3HDA) directly in the fermentation broth with ECH. t3HDA was selected over adipic acid 
due to the additional alkenyl functionality that could potentially be used for advanced 
polyamide synthesis. Chapter 3 provides some insights into reaction pathway and ECH 
product selectivity, and details an interesting correlation that could potentially be generalized 
to the synthesis of other platform molecules. Chapter 4 develops the findings in chapter 3 and 
provides detailed pathways associated with the conversion of MA to t3HDA or adipic acid on 
inert and noble metal cathodes. Considering the high yields and knowledge into the reaction 
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mechanism of t3HDA and adipic acid, chapter 5 discusses the relevance of utilizing an ECH 
process for the large-scale manufacture of monomers for the production of biobased 
polyamides. These chapters are standalone manuscripts and are formatted in that manner. 
Finally, chapters 6-7 contain conclusions and provide grounds for future work. 
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Abstract 
 Biorefineries aim to convert biomass into a spectrum of products ranging from 
biofuels to specialty chemicals. To achieve economically sustainable conversion, it is 
crucial to streamline the catalytic and downstream processing steps. In this work, a route 
that combines bio- and electrocatalysis to convert glucose into biobased unsaturated 
nylon-6,6 is reported. An engineered strain of Saccharomyces cerevisiae was used as the 
initial biocatalyst for the conversion of glucose into muconic acid, with the highest 
reported muconic acid titer of 559.5 mg L
-1 in yeast. Without any separation, muconic 
acid was further electrocatalytically hydrogenated to 3-hexenedioic acid in 94 % yield 
despite the presence of biogenic impurities. Biobased unsaturated nylon-6,6 (unsaturated 
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polyamide-6,6) was finally obtained by polymerization of 3-hexenedioic  acid with 
hexamethylenediamine. 
2.1 Introduction 
 Biomass has emerged as an alternative feedstock to petroleum to render the chemical 
industry more sustainable and alleviate the concerns associated with fossil resources. The 
transition from fossil to renewable feedstocks is also expected to revitalize the chemical 
industry by providing building blocks with new functionalities.
1
 Since the U.S. Department 
of Energy’s report on top value-added chemicals from biomass,2 extensive research has been 
carried out to establish biological, chemical, or hybrid pathways for converting cellulosic 
sugars.
3-6
 Over the past few years, it has become evident that building-block diversification 
requires the combination of biological and chemical transformations,
4, 6-10
 that is, biomass is 
first biologically converted by genetically engineered microbes into platform molecules that 
are further diversified by chemical catalysis. However, previous attempts to combine 
chemical and biological processes have led to low conversion rates owing to catalyst 
deactivation by residual biogenic impurities.
11, 12
 The ideal biorefinery pipelines, from 
biomass to the final products, are currently disrupted by a gap between biological conversion 
and chemical diversification. We herein report a strategy to bridge this gap with a hybrid 
fermentation and electrocatalytic process. We illustrate this concept with the conversion of 
glucose into unsaturated polyamide-6,6 (UPA-6,6). The process entails the fermentation of 
glucose to muconic acid (MA) followed by electrocatalytic hydrogenation (ECH) to 3-
hexenedioic acid (HDA), a monomer that has not been synthesized in high yield through 
conventional catalytic routes,
13
 and subsequent polycondensation with 1,6-
hexamethylenediamine (HMDA) to yield the desired UPA-6,6 (Figure 1). The synthesis 
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pipeline developed in this study is based on the utilization of a metabolically engineered 
yeast and substitution of conventional high-pressure hydrogenation by direct ECH without 
separation using the broth water, salts, and impurities as electrolyte and hydrogen source. 
Furthermore, we demonstrate that a biobased polymer can be produced according to this 
combined bio- and electrocatalytic process.  
 
 
 
 
Figure 1. Hybrid conversion of glucose into unsaturated polyamide-6,6 (UPA-6,6). The 
integration of the catalytic steps was enabled by the compatibility of the process parameters. 
Replacing conventional high-pressure hydrogenation by direct ECH promoted a seamless 
flow between the processes, allowing the use of the broth water, salts, and impurities as 
electrolyte and hydrogen source. 
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2.2 Materials and Methods 
2.2.1 Fermentation 
To test the production of MA, seed cultures of the engineered strains were inoculated 
from frozen stocks into 3 mL of the corresponding drop out media and were shaken at 250 
rpm and 30 °C for two to three days. The seed cultures were then transferred to 45 mL glass 
tubes containing 15 mL of fresh media with a starting OD600 of 0.2. Maximal MA production 
was observed at about 96 hours. Details about the metabolic engineering work can be found 
in the published manuscript entitled, “Combining Metabolic Engineering and 
Electrocatalysis: Application to the Production of Polyamides from Sugar.” Ref [14] 
2.2.2 Electrocatalytic Hydrogenation 
 The electrochemical studies were conducted in a three-electrode electrochemical cell 
using a BioLogic VSP-300 potentiostat. The Ag/AgCl in NaCl reference electrode and 
platinum counter electrode were purchased from BioLogic Science Instruments. The working 
electrode was purchased from Rotometals (Lead rod, 99.9%). Electrocatalytic hydrogenation 
experiments were performed in 11 mL of reacting medium with a stir bar at 700 rpm. During 
the chronoamperometry experiments, 0.5 mL samples of the reaction medium were taken at 5 
min, 15 min, 30 min, and 60 min for analysis.  
 Samples were subsequently analyzed either by ultra performance liquid 
chromatography (UPLC) or 
1
H NMR. For NMR analysis, the samples were dried at room 
temperature, reconstituted in deuterium oxide, and analyzed with a Bruker 600 MHz NMR 
spectrometer (AVIII600). UPLC analysis was performed with a Waters H-Class Acquity 
chromatograph equipped with a HSS C18 Column (1.8 μm, 2.1 x 100 mm) and photo-diode 
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array detector. Samples were prepared by filtration with a 2 μm syringe filter. The mobile 
phase consisted of a 100% methanol solution (Solution A) and 1% acetic acid (Solution B) in 
nanopurewater. The method was as follows: 0.35 ml min
-1
 of 4% Solution A and 96% of 
Solution B for 4.5 min followed by ramping A to 50% (50% B) and maintained until min 6. 
The composition of the mobile phase was reverted to 4% Solution A and 96% Solution B and 
maintained for 8 additional min. The column was maintained at 45 °C and the sample 
reservoir at 15 °C. ACS grade cis,cis-MA was used to synthesize cis,trans-MA by heating in 
water at 75 °C for 25 min. trans-HDA (Sigma, St Louis, MO) and cis,trans-MA were used 
for UPLC calibration and as references. Retention times of cis, trans-MA and trans-HDA are 
6.4 min and 4.0 min and were analyzed at 295 nm and 231 nm respectively. Conversions and 
selectivities, were calculated with the following equations:  
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Voltage and pH studies were performed on MA in K2SO4/H2SO4 electrolyte solutions 
in order to keep ionic strength and conductivity constant. A 0.1 M K2SO4 with 1.41 mM MA 
solution was mixed in varying ratios with 0.1 M H2SO4 and 1.41 mM MA. The solutions 
with the specified pH were reacted in the 11 mL small volume cell. In-between experiments, 
the electrodes were rinsed with DI water and the lead electrode was polished with a 
Kimwipe.  
ECH of the fermentation medium was performed as follows. Directly after the 
fermentation, 11 mL of broth was put in a small volume cell. At the start of the ECH, the 
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surface of a lead electrode was polished with a Kimwipe and used as the electrocatalyst. In-
between the successive batch reactions, the lead electrode was gently dipped in deionized 
water, dried, and put in another 11 mL solution of the fermentation medium. In addition, the 
counter and reference electrodes were washed with deionized water in-between each run.  
2.2.3 Separations 
Recovery of HDA was accomplished by concentrating ~2 L of cell-free fermentation 
broth containing the highest titer of HDA under basic conditions, followed by activated 
carbon filtration, and crystallization at reduced pH and temperature.  
Specifically, after removing cells from 2 L fermentation broth, the pH of the cell-free 
broth was brought from 3 to 8.5 with 10 M NaOH to increase the solubility of HDA. The 
basic solution was run through a 0.2-μm filter to remove any solid impurities remained in the 
broth. Following filtration, the broth was concentrated in a vacuum evaporation set up, from 
~2 L to 80 mL and re-filtered through a 0.2-μm filter, separating the impurities that 
precipitated during concentration. The concentrate was then dripped through a 15-mm deep 
Norit CN1 activated carbon bed (preconditioned with 10 mM NaOH), adsorbing soluble 
impurities including colorants and odor-causing compounds. The subsequent filtrate was 
acidified to pH 1.5 using 18.4 M sulfuric acid and crystalized at 4 °C overnight. Crystals of 
HDA were recovered using vacuum filtration with a Whatman 50 filter, washed with 4 °C 10 
mM sulfuric acid, and placed in a desiccator to dryness. 
2.2.4 Polymerization 
 The polycondensation reaction between trans-HDA and hexamethylenediamine 
(HMDA) was adapted from the synthesis of nylon 6,6.
15
 Specifically, trans-HDA (TCI 
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America) was dissolved in methanol and mixed with a 1:1 mol ratio of HMDA dissolved in 
methanol. The resulting solution was heated in a round bottom flask at 60 °C. The liquid was 
decanted from the precipitated salt. The precipitated salt was subsequently washed with 
methanol, decanted, and left to dry in a fume hood. The solid was then mixed at a 0.86 mass 
ratio with deionized water. The resulting solution was put in an aluminum weigh pan and 
heated at 7.5 °C min
-1
 to 250 °C in a tube furnace under flowing ultra-high purity nitrogen. 
The sample dwelled at the temperature for 30 min before cooling. It was not uncommon 
during the synthesis of UPA-6,6 to produce a slightly yellow colored polymer. The same 
synthesis procedure was applied to adipic acid and the HDA purified from the fermentation 
broth to form nylon-6,6 and UPA-6,6. 
2.3 Results and Discussion 
2.3.1 Fermentation 
 Muconic acid is the unsaturated synthetic precursor of adipic acid and terephthalic 
acid, which are monomers for nylon and polyethylene terephthalate (PET), with a total 
market value greater than $22 billion.
16-18
 The traditional benzene-based synthetic routes for 
adipic acid and terephthalic acid are environmentally unfriendly
19
 warranting the need for a 
sustainable and green production platform. For large-scale fermentation, yeast is the 
preferred microbial host in industry owing to its unique economic advantages, such as the 
greater ease in maintaining phage-free culture conditions and the sale of biomass byproducts 
as animal feeds.
20-23
 Two previous reports showed the heterologous production of MA in S. 
cerevisiae with titers of 1.56 mg L
-1
 
24
 and 141 mg L
-1
.
 
The low production was caused by a 
combination of low precursor availability, active competing pathway(s), and the presence of 
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rate-limiting enzyme(s). To address these individual issues, we performed flux balance 
analysis (FBA) to obtain a list of target genes for genetic manipulations. Figure 2 depicts the 
metabolic pathway with the key manipulations for enhancing MA production. The details of 
strain construction and genetic manipulations in this work are presented in ref [
14
].  
 The three genes previously characterized in yeast to produce MA from 3-
dehydroshikimic acid (DHS), namely AroZ from Podospora anserina, AroY from Klebsiella 
pneumoniae, and HQD2 from Candida albicans,
25
 were cloned in a multicopy plasmid. 
Furthermore, the tyrosine-insensitive DAHP synthase (ARO4K229L) was overexpressed to 
remove feedback inhibition caused by the aromatic amino acids in the growth medium. 
Following our FBA analysis and previous reports on how to increase the carbon flux into the 
aromatic amino acid biosynthetic pathway,
25-28
 the transketolase gene (TKL1) was 
overexpressed to increase the pool of the precursor erythrose-4-phosphate (E4P). Initial 
fermentations produced 132 mg L
-1 
MA (strain InvSc1 MA1* in Figure 3a), which is similar 
to the titer of the previously highest yeast producer MuA12, but the yield was almost 
doubled. We reasoned that this increase is mostly due to intrinsic differences in the genetic 
backgrounds of the host strains. Strain dependency in metabolic engineering has also been 
reported previously.
29, 30
 In our case, the strain InvSc1 is a diploid whereas the strain MuA12 
derives from the haploid S. cerevisiae BY4741. 
 To further force the carbon flow towards DHS, the flux through the two initial 
reactions in the aromatic amino acid pathway needs to be increased (Figure 2). As suggested 
by the FBA, the flux through the DHQ dehydratase had to be increased by a factor of 60 to 
maximize MA production. In yeast, these two reactions are catalyzed by the pentafunctional 
ARO1 enzyme,
31
 which differs from the standalone SA pathway enzymes in bacteria and 
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plants. By sequence alignment of ARO1 with the characterized SA dehydrogenases from 
various species, it was concluded that the residues K1370 and D1409 could potentially serve 
as catalytic residues. A panel of plasmids was created to enhance the flux towards DHS and 
avoid conversion into SA. Overexpression of the mutant ARO1D1409A increased the 
production of MA to 235 mg L
-1 
(strain InvSc1 MA4), confirming that the residue D1409 is 
essential for the catalytic activity of the SA dehydrogenase subunit of ARO1. To ensure that 
no carbon was being diverted to SA, we deleted both copies of aro1 (InvSc1 MA8 in Figure 
3a), but the MA production unexpectedly decreased to 25 mg L
-1
, and the strain fitness was 
also affected even when aromatic amino acids were supplemented. 
 To increase the availability of phosphoenolpyruvate (PEP), we overexpressed PC 
(pyruvate carboxylase) and PPCK (phosphoenolpyruvate carboxykinase) in strain InvSc1 
MA4, as well as in the strain InvSc1Dpdc1 (resulting in the strains InvSc1 MA9 and InvSc1 
MA10, respectively). However, the MA titers decreased by around 60% and 74%, 
respectively (Figure 3a). Recirculation of pyruvate to PEP has been successfully applied in 
Escherichia coli to increase the yield of aromatic compounds.
32, 33
 In S. cerevisiae, the failure 
of this strategy might be attributed to the inaccuracy of FBA modeling to predict the 
compartmentalization fluxes, enzyme kinetics, and the metabolic burden on the cells caused 
by overexpression of highly regulated genes. 
 Despite the aforementioned genetic manipulations, the production of MA was still 
limited by the accumulation of the intermediate protocatechuic acid (PCA). The enzyme 
PCA decarboxylase is known to be oxygen-sensitive;
24, 34
 we observed that the conversion of 
PCA into catechol increased by a factor greater than two when the cells were grown in an 
oxygen-limited culture (Figure 3b). These conditions improved the MA/PCA ratio to 2.5, 
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which is almost five times higher than that of the previously highest MA yeast producer, 
MuA12.
25
 The highest MA titer was 559.5 mg L
-1
, representing a fourfold improvement in 
both titer and yield over strain MuA12 (Figure 3c). 
 
 
 
Figure 2. Metabolic engineering rationale for overproduction of MA in S. cerevisiae. Three 
main strategies were studied: removing the feedback inhibition by aromatic amino acids, 
increasing the pool of the precursors PEP and E4P, and increasing the pull of carbon into the 
shikimic acid pathway. Metabolites – G6P, glucose-6-p; F6P, fructose-6-p; Ru5P, ribulose-5-
p; Ri5P, ribose-5-p; S7P, sedoheptulose-5-p; X5P, xylulose-5-p; G3P, glyceraldehyde-3-p; 
AcCoA, acetyl-CoA; PEP, phosphoenolpyruvate; OAA, oxaloacetate; DAHP, 3-Deoxy-D-
arabinoheptulosonate 7-p; DHQ, 3-dehydroquinate; DHS, 3-dehydroshikimic acid; SA, 
shikimate; S3P, shikimate-3-p; EPSP, 5-enolpyruvylshikimate-3-p; PCA, protocatechuic 
acid. White and black arrows represent up and downregulated reactions, respectively. 
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Figure 3. Characterization of MA production in engineered InvSc1 strains. (a) MA 
accumulation in strains grown in glass tubes containing 15 mL of selection media. Maximum 
MA formation was observed after 96 h of aerobic fermentation. (b) PCA decarboxylase 
activity assay under different oxygen environments. The strain InvSc1 pRS414 aroY was 
cultured under three different oxygen conditions and spiked with 1mm PCA after 24 h. The 
conversions are based on samples collected 18 hours after PCA supplementation. (c) Mini-
reactor fermentations with the strain InvSc1 MA4 and controlled amounts of dissolved 
oxygen. The highest MA accumulation was observed when the amount of dissolved oxygen 
was maintained between 10 to 20% during the first 24 h. After this period, the amount of 
dissolved oxygen was set to 20% until the end of the fermentation (4 days). *InvSc1 MA1 
was grown in 2% glucose, all other strains were grown in 4% glucose. 
 
 In summary, the MA platform consisted of establishing the heterologous pathway in a 
diploid yeast strain, overexpressing the novel mutant ARO1, and alleviating the PCA 
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bottleneck with a controlled oxygen environment in the fermentation. The yield of 14 mgMA 
gglucose
-1 
represents the highest value that has been reported for the batch production of 
aromatic amino acid based metabolites in yeast. Given the strong industrial interest in 
muconic acid,
35, 36
 substantial improvements should be expected in the next several years. 
Mutagenesis of AroY to remove its oxygen sensitivity
37
 and global genetic perturbations 
38, 39
 
coupled with molecular sensor development
40, 41
 are potential strategies that will enable yeast 
to reach the high yields as observed with the E. coli platforms.
17, 33
 
2.3.2 Electrocatalytic Hydrogenation 
 The fermentation broth was subsequently hydrogenated in a three-electrode 
electrochemical cell (Figure 4a). Electrocatalysis was preferred over conventional high-
pressure hydrogenation as hydrogen is produced in situ by water splitting, the reaction occurs 
at ambient temperature and pressure, and the charge on the electrode surface can mitigate 
poisoning.
42
 In this configuration, hydrogen production and MA hydrogenation take place 
simultaneously at the cathode [Eq. (1) and (2)], enabling a seamless ECH. 
 
H
+
 + e
-
 + 
*
  H*    (1) 
 
2H
*
 + C6H6O4 + 
*
  C6H8O4  (2) 
  
 Lead (Pb) was chosen as the catalyst because of its earth abundance, low cost, 
common use in industrial electrosynthetic applications, metallic state under cathodic 
potentials, and its stability in the presence of sulfur.
43, 44
 The expected resistance to impurities 
allowed us to simplify the hydrogenation reaction by placing the fermentation broth directly 
in the electrochemical reactor. The broth contained whole yeast cells, unspent salts, and 
biogenic impurities arising from cellular metabolism and lysis. The ECH was then allowed to 
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proceed at room temperature and atmospheric pressure for one hour at a potential of -1.5 V 
vs. Ag/AgCl on a10cm
2 
lead rod, resulting in 95 % MA conversion with 81% selectivity to 
HDA. To assess the stability of the catalyst in the fermentation medium (in the presence of 
all potential poisons), five successive one-hour electrocatalytic batch reactions were 
performed (Figure 4b). Notably, no signs of deactivation were observed, and leaching of the 
catalyst into the solution was minimal at 6.5 ± 0.4 ppm as determined by elemental analysis. 
 
Figure 4. Electrocatalytic hydrogenation of MA to HDA directly in the fermentation broth. 
The hydrogen necessary for the reaction is generated in situ (Had) at the surface of the Pb 
electrode. (a) Electrocatalytic single-cell reactor for the conversion of MA into HDA. Carbon 
gray, hydrogen white, nitrogen blue, and oxygen red. The reaction was performed at ambient 
temperature and pressure using a three-electrode electrochemical cell at -1.5 V vs. Ag/AgCl. 
(b) Conversion of MA and average selectivity to the desired product showed no signs of 
catalyst deactivation when the reaction was repeated five times (runs 1–5). (c) MA 
conversion and HDA selectivity for the ECH (-1.5 V) of the fermentation broth at pH 2.0. 
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 To further increase the yield of HDA, the effects of pH and applied voltage were 
investigated independently. A model solution of pure MA dissolved in a potassium 
sulfate/sulfuric acid electrolyte was used to accurately control the ionic strength and to 
maintain constant ionic conductivity. Acidic conditions favored the selective formation of 
HDA, especially for reaction times below 30 min (Figure 5). Further 
1
H NMR analysis of a 
HDA model solution after ECH revealed that the observed decrease in selectivity as the 
reaction proceeded was due to the formation of decomposition products through secondary 
reactions and not due to the formation of additional hydrogenation products, for example, 
adipic acid (Figure 6). These undesired reactions were enhanced when the pH and/or the 
applied cathodic voltage were increased (Figure 7). A potential of -1.5 V and a pH of 2.0 
offer a compromise between conversion and selectivity. 
 
Figure 5. ECH of model solutions of MA with varying pH. The pH in the solution was 
changed by adding various ratios of K2SO4 and H2SO4 to maintain the ionic conductivity. An 
ECH of the solution was run at -1.5 V for 1 h with the Pb catalyst. (a) MA conversion and (b) 
HDA selectivity. 
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Figure 6. 
1
H NMR spectra, 600 MHz, D2O, of HDA subjected to -1.5 V for 2 h before (a) 
and after (b) reaction. Decomposition products are shown to form after the reaction. 
 
 The conditions optimized with the model solutions were found to also enhance the 
hydrogenation of the fermentation broth (Figure 4c). Notably, when the pH of the solution 
was fixed at 2.0, the selectivity towards HDA became 98 ± 4% at 96 ± 2% MA conversion. It 
is worth noting that the yield achieved for the unpurified broth was actually higher than for 
the model solution (94% vs. 77%). Whereas catalyst poisoning is a common issue for most of 
the hydrogenation reactions catalyzed by precious metals,
6, 11, 12, 45
 it appears that the 
impurities in the broth were beneficial in our case as they prevented the formation of 
decomposition products during the ECH.  
Decomposition 
Products 
a 
b 
b 
a b 
a 
b 
a 
(a) 
(b) 
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Figure 7. ECH of model solutions of MA at varying potentials. The pH was fixed at 2.0 by 
adding 0.5 M H2SO4 to a solution of water and MA. An ECH of the solution was run for 1 h 
with the applied potentials. 
 
 The reduced decomposition when the fermentation broth is reacted suggests a 
competitive adsorption process with impurities in solution being sacrificed to minimize 
potential HDA oxidation. To the best of our knowledge, this is the first time that a 
biologically produced chemical was hydrogenated in high yield and selectivity directly in the 
fermentation broth in the presence of diverse impurities. 
2.3.3 Separations/Polymerization 
 To demonstrate a full conversion pipeline for the transformation of glucose into a 
commercially viable product, HDA was separated from the fermentation broth by vacuum 
evaporation, filtration over activated carbon, and crystallization. High-purity (98 %) HDA 
was obtained in a yield of 67% (Figure 8) and subjected to the final polymerization step. 
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Figure 8. Photographs and 
1
H NMR spectra, 600 MHz, D2O during the separation of HDA 
following fermentation. The fermentation broth containing HDA was concentrated through 
distillation at pH 8.5 (a). After concentration, the solid products were removed with a 0.2-μm 
filter (b) and the following solution was purified with activated carbon (c). Following the 
purification, HDA was recovered by crystallization at pH 1.5 and 4°C overnight d). Purity 
was obtained through liquid chromatography with a photodiode array detector. 
 
 The corresponding saturated nylon-6,6 was synthesized using adipic acid and HMDA in an 
attempt to compare conventional petrochemical-based nylon-6,6 and biobased UPA-6,6. The 
obtained UPA-6,6 consisted of a transparent, partially crystallized material with physical and 
chemical properties comparable to those of petrochemical nylon (Table 1, Figure 9; see also 
Table S1, Figure S1–S5). Polymers based on blends of HDA and adipic acid were also 
synthesized (Figure 9a) to enable different levels of tunability. These HDA-containing nylon 
materials offer grafting sites to tailor the existing nylon grades with desirable properties, for 
example, crosslinkability, paintability, and flame retardance. 
(a) (b) 
(c) (d) 
2 
1 
>98% 
purity 
1 
2 
1 
2 
1 
2 
1 
2 
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Table 1. The properties of Nylon 6,6 and UPA 6,6, where Mn indicates the number average 
molecular weight, PDI: polydispersity, Q*: primary diffraction peak, Gʹ: storage modulus, 
Gʺ: loss modulus, and G*c: crossover modulus. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. (a) Polymer blends of adipic acid and HDA. Percentages are based on the molar 
ratios of adipic acid and HDA reacted with a 1:1 ratio of HMDA. , Structures of Nylon-6,6 
(b) and UPA-6,6 (c), for which petroleum-based adipic acid was substituted with HDA. 
Carbon gray, hydrogen white, nitrogen blue, oxygen red, C=C bonds green. 
2.4 Conclusion 
 We have presented a strategy to bridge the gap between biological and chemical 
catalysis in biorefinery. We have demonstrated its potential by synthesizing a new family of 
unsaturated polyamides from sugar and anticipate that this strategy will facilitate the 
incorporation of fermentation and catalytic hydrogenation for a broad range of reactions. 
Property Nylon 6,6 UPA 6,6 
Mn (Da) 17,800 12,200 
PDI 2.0 3.36 
Melting Temp 
(°C) 
250 60 
Q* (Å
-1
) 4.4 4.7 
G’ (MPa) - 18.9 
G’’ (MPa) - 6.24 
G’’C (°C) - 60 
(a) 
(b) (c) 
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Future efforts will be directed towards 1) the scale-up of the hybrid pipeline with a detailed 
techno-economic analysis to assess the cost efficiency and 2) the integration of the 
biocatalytic and chemocatalytic reactions into a one-pot process to develop economically and 
ecologically advantageous synthesis schemes in the context of the water, energy, and food 
nexus.  
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2.7 Supplementary Information  
2.7.1 Size Exclusion Chromatography (SEC) 
 Samples were analyzed by Polyanalytik (London, Canada). Analysis was performed 
in 0.05 M potassium trifluoroacetate salt in hexafluoro-isopropanol (HFIP). Samples were 
left to dissolve for 24 h at room temperature under gentle shaking and subsequently injected 
into a Viscotek TDA302 and GPCmax (ViscoGEl (Inert Mixed-Bed High Molecular Weight 
GPC Column & Inert Mixed-Bed Low Molecular Weight GPC Column)) with triple 
detection analysis. Triple detection analysis consisted of a refractive index, right angle and 
low angle light scattering, and a four-capillary differential viscometer in series (Table S1, 
Figure S1). The absolute molecular weight of nylon 6,6 and UPA 6,6 was calculated using a 
dn/dc value of 0.235 mL g
-1
. 
2.7.2 Thermal Gravimetric Analysis (TGA) 
 TGA analysis of all samples was performed with a Perkin Elmer STA 6000 series 
thermal gravimetric analyzer (Figure S2). A small amount of each samples (<20 mg) was 
placed in a Al2O3 crucible and heated from 50 to 850 °C at 10 °C min
-1 
in a 20 mL min
-1
 
synthetic air flow. 
2.7.3 Differential Scanning Calorimetry (DSC) 
 DSC experiments were conducted on a TA-Instruments Q2000 Differential Scanning 
Calorimeter equipped with a refrigerated cooling system. Three consecutive heating and 
cooling runs were carried out for each sample (-20 °C to 275 °C) using standard aluminum 
pans (Figure S3). 
2.7.4 Rheology 
 A TA Instruments ARES-G2 strain controlled rheometer with a convection oven was 
used to test the diblocks rheology under nitrogen gas flow to prevent polymer degradation. 
Samples were tested in a parallel plate geometry using a temperature ramp test at heating rate 
of 10 °C and a strain of 2%. Melt rheology of UPA 6,6 shows a material with a storage 
modulus (Gʹ) of 18.9 MPa, a loss modulus (Gʺ) of 6.24 MPa at 55 °C and a cross-over 
modulus at 60 °C (Figure S4). 
2.7.5 X-ray powder diffraction (XRD) 
 A SCINTAG XDS2000 powder diffractometer equipped with a Cu source (λ = 1.54 
Å) and a Kevex Peltier cooled silicon detector was used to test the nylon 6,6 and the UPA 
6,6. A continuous scan mode with a speed of 2.0 deg min
-1
 and a scan range of θ = 5–95 
degrees was used for the tests; the scattering wavevector amplitude q and scattering angle θ 
are related by q = 4π/λ sin θ. All samples were finely ground in a ceramic mortar before 
transfer to a clean blank glass sample holder. Tests were done at room temperature. The 
XRD pattern of UPA 6,6 showed a primary diffraction peak with q* at 4.7 Å
-1
 and no higher 
order peaks (Figure S5). Nylon 6,6 showed the primary peak at a q* of 4.38 Å
-1
 and a 
secondary peak at 3.7 Å
-1
. 
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2.7.6 Tables and Figures 
 
Table S1. Triple detection SEC results of triplicate injections of UPA 6,6. Average recovery 
of all injection was 101.05 ± 0.72 % 
 
Sam
ple 
ID 
Inje
ctio
n 
V
peak
 
(mL) 
M
n 
(Da) 
M
w 
(Da) 
M
z 
(Da) 
M
w
/M
n 
(PDI) 
[η] 
(dl/g) 
R
h 
(nm) 
M-H 
𝛼 
M-H 
Log K 
UPA 
6,6 
1 14.831 11,516 40,156 237,526 3.487 0.3142 5.124 0.525 -2.823 
2 14.826 10,255 39,336 349,171 3.836 0.3131 5.057 0.519 -2.794 
3 14.819 14,941 41,165 175,890 2.755 0.3097 5.24 0.551 -2.961 
Avg 14.825 12,237 40,219 254,196 3.359 0.3123 5.14 0.532 -2.859 
Σ 0.0049 1,980 748 71,717 0.45 0.0019 0.08 0.014 0.073 
% 
RSD 
0.03% 16.18% 1.86% 28.21% 13.40% 0.61% 1.47% 2.61% 2.55% 
Nylo
n 6,6 
1 14.924 15,958 35,568 95,554 2.229 0.4538 5.831 0.573 -2.884 
2 14.968 19,547 37,217 95,573 1.904 0.4470 5.941 0.579 -3.006 
3 14.891 17,951 36,057 98,070 2.009 0.4592 5.900 0.580 -2.915 
Avg 14.928 17,819 36,281 96,399 2.047 0.4533 5.890 0.583 -2.935 
σ 0.0315 1,468 692 1,182 0.135 0.0050 0.05 0.010 0.052 
% 
RSD 
0.21% 8.24% 1.91% 1.23% 6.61% 1.10% 0.77% 1.73% 1.76% 
 
 
Figure S1. Overlay from GPC elution traces obtained from RI detector and Log MW 
(diagonal lines) versus retention volume. 
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Figure S2. Thermal gravimetric analysis of nylon 6,6 and UPA 6,6. Nylon 6,6 displays 50% 
mass loss at 456 °C and UPA 6,6 displays a 50% mass loss at 463 °C. 
 
 
Figure S3. Differential scanning calorimetry (exothermic up) displayed melting temperature 
of 255 °C for nylon 6,6 and 60 °C for UPA 6,6. 
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Figure S4. Master curve of the dynamic shear moduli G’ and G’’ for UPA 6,6 over the 
temperature range 50–150 °C (reference temperature is Tref = 100 °C). The material shows 
classical Rouse-like behavior, common in linear low molecular weight polymer melts. The 
inset shows the temperature dependence of time-temperature superposition shift factors, 
which fit to the Williams-Landel-Ferry model with C1 = 4.9 and C2 = 100.84 °C.  
 
 
Figure S5. XRD pattern of UPA 6,6 showing the primary diffraction peak with a q* at 4.7 Å
-
1
 and no higher order peaks. Nylon 6,6 shows the primary peak at a q* of 4.38 Å
-1
 and a 
secondary peak at 3.7 Å
-1
. 
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Abstract 
 Electrocatalysis is evolving as a competitive alternative to conventional 
heterogeneous catalysis for the conversion of platform chemicals from biomass. Here, we 
demonstrate the electrocatalytic conversion of cis,cis-muconic acid, a fermentation product, 
to trans,trans-muconic acid, trans-3-hexenedioic acid, and adipic acid used for the 
production of biobased polyamides and polyesters such as nylon, nylon derivatives, and 
polyethylene terephthalate (PET). The electrocatalytic hydrogenation in this work considers a 
wide range of early, late, and post-transition metals (Cu, Fe, Ni, Mo, Pb, Pd, Sn, and Zn) with 
low and high hydrogen overpotentials, and varying degrees of metal hydrogen binding 
strengths. The binding strength was determined to be an important factor for the conversion 
rate, faradaic efficiency, and product distribution. Selectivities are also discussed in relation 
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to thermodynamic data, which suggests the possibility to tune the kinetics of the reaction to 
allow for the variable production of multiple biobased monomers.  
3.1 Introduction 
The production of renewable chemicals from biomass has significantly evolved in 
recent years and numerous processes have either reached a commercial stage or are close to 
commercialization.
1
 In 2010, the U.S. Department of Energy published an updated “Top 10” 
list of biomass derived platform chemicals. This list and its predecessor have played a critical 
role in both the identification of the most promising compounds and as a guiding factor for 
the research in the field.
2, 3
 As anticipated in these publications, biocatalysis and chemical 
catalysis have been equally important. Carbohydrates have been converted to 
5-hydroxymethylfurfural (HMF), 2,5-furandicarboxylic acid (FDCA), levulinic acid, 2,5-
dimethylfuran (DMF), furfural, and their derivatives using heterogeneous catalysts.
4-6
 At the 
same time, microorganisms were metabolically engineered to selectively produce platform 
acids by fermentation. Notably, lactic, itaconic, succinic, fumaric, and malic acids were 
obtained with high yield and titer.
1, 7
 So far, advances in bio- and chemical catalysis occurred 
simultaneously and independently from each other. However, coupling the two approaches 
grants access to new conversion pathways or new molecules that are not available from 
petroleum, thus providing the chemical industry with new building blocks.
8-17
 
Muconic acid (MA) is not included in the DOE “Top 10” list, but is receiving 
increasing attention for the sustainable production of adipic acid (AA) and other important 
monomers from biomass.
18-21
 This new interest in MA is due to the increasing market size of 
AA, which is expected to grow 3-5% per year until 2020,
22, 23
 and the need for greener 
processes for AA synthesis. AA is still produced by the sequential oxidation of cyclohexane 
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using air and nitric acid as reactants, releasing N2O to the atmosphere.
19
 Several large 
companies developed processes to recycle N2O or catalytically convert it to harmless N2 and 
O2.
24
 However, simple mitigation of environmental effects does not address all of the issues 
associated with this production method. Therefore, efforts are also being dedicated to 
develop alternative AA production routes that are more sustainable.
19
 
MA is synthesized from glucose or lignin by fermentation using metabolically 
engineered bacteria (Pseudomonas putida, Escherichia coli) or yeast (Saccharomyces 
cerevisiae).
12, 20
 Over the past 5 years, MA emerged as a promising platform molecule due to 
increased titers and potential for further diversification through heterogeneous catalysts.
20, 25
 
The highest titer to date was achieved with an engineered E. coli strain able to produce 59.2 g 
L
-1
 at a 30% mol/mol glucose yield under fed-batch culture.
22
 In addition, Vardon et al. 
produced 13.5 g L
-1
 muconate using engineered P. putida and a lignin-derived model 
compound as a feedstock.
12
  
Once purified, biologically-produced cis,cis-MA (ccMA) can be converted to large 
scale commodity chemicals such as adipic acid, 1,6-hexanediol, hexamethylenediamine, 
caprolactone, and caprolactam, which are important building blocks for the manufacture of 
Nylon 6, Nylon 6,6, and other polyesters and polyurethanes (Scheme 1).
18
 It was also 
demonstrated that ccMA can be isomerized to trans,trans-MA (ttMA) and further reacted to 
terephthalic acid, a key building block for the production of polyethylene terephthalate 
(PET).
23
 Many of these conversions involve a hydrogenation step under high pressure (2-24 
bar) in the presence of an expensive precious metal catalyst. For example, ccMA was 
hydrogenated to AA under 24 bar H2 over a Pd/C catalyst.
12
 To be truly sustainable, it would 
be beneficial to substitute precious metals for Earth-abundant catalysts such as Ni, Cu, Zn, or 
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Pb, organic solvents for water, and external hydrogen for hydrogen generated in situ in 
accordance with a green methodology.
26
  
 
 
Scheme 1. Value-added products obtained from biobased muconic acid 
 
Electrocatalytic hydrogenations (ECH) have recently emerged as a promising 
approach to hydrogenate renewable chemicals in water under ambient conditions.
27-34
 For 
example, we have demonstrated the ECH of MA directly in the fermentation broth, 
eliminating an entire separation step that typically occurs prior to the chemical 
hydrogenation.
15
 ECH usually proceeds by applying a -0.3 V to -1.8 V potential on a 
transition metal electrode. In contrast to high-pressure hydrogenation, hydrogen is generated 
in situ from water, at the surface of the catalyst, thus eliminating H2 mass transfer limitations 
and the need for high pressure.
35
 Cheap Earth-abundant metals such as Ni, Cu, and Pb were 
shown to be particularly active and selective for the ECH of biobased levulinic acid to valeric 
acid and HMF to DMF.
27, 28, 30-32
 Furthermore, the selectivity of the catalyst was tuned by 
varying the pH and the applied potential. For example, 95% selectivity to valeric acid was 
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achieved for Pb at -1.5 V and pH 0, but 100% selectivity to γ-valerolactone (GVL) was 
obtained for the same catalyst at -1.3 V and pH 7.5.
31
 Although ECH is not a mature 
technology, its large tunability offers unique advantages when considering industrial 
applications. This is particularly relevant for reactions that display high yields while 
requiring low energy inputs and space times over their heterogeneous catalytic counterpart.  
Herein, we report on the electrocatalytic conversion of MA under ambient 
temperature and pressure over a wide range of early, late, and post transition metal catalysts. 
Reaction conditions and pure metal catalyst composition were varied in an attempt to identify 
the key parameters that govern ECH selectivity and favor ECH over hydrogen evolution 
(HER). We analyze the obtained results in the light of previous studies performed on HER 
and discuss the importance of the free energy for hydrogen adsorption ΔGH on ECH 
performance. Finally, we show that the reaction conditions can be tuned to control the 
product distribution and generate compounds that are not observed during high-pressure 
hydrogenation. Specifically, high selectivities to trans-3-hexenedioic acid (t3HDA), a 
biobased chemical rarely observed and only in low yields during the semi-hydrogenation of 
MA under pressurized H2, and trans,trans-MA (ttMA) were achieved using base metal 
electrocatalysts.
36
  
3.2 Materials and Methods 
3.2.1 Electrocatalysis 
The electrochemical studies were conducted in a conventional single compartment 
three-electrode glass cell using a BioLogic potentiostat (VSP-300). All potentials are in 
reference to the reversible hydrogen electrode (RHE). Initial experiments used to propose 
reaction schemes and investigate product decomposition were performed with 11 mL 
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solution of cis,trans-muconic acid (ctMA) dissolved in 0.01 M sulfuric acid (H2SO4) as an 
electrolyte. The cell was equipped with a Pt counter electrode (Biologic), a Ag/AgCl in NaCl 
reference electrode (Biologic), and a 10 cm
2
 Pb rod (Rotometals, 99.9% purity) working 
electrode. The solutions were magnetically stirred at 700 rpm with a PTFE flea stir bar. 
During chronoamperometry experiments, 0.5 mL aliquots of the reaction medium were 
withdrawn periodically. 
Catalyst screenings were conducted with 50 mL solutions of 3.52 mM ctMA and 0.26 
M formic acid (electrolyte). Formic acid was preferred over sulfuric acid to more closely 
resemble the hydrogenation of MA in a fermentation broth and for ease in preparation for 
product analysis by ultra performance liquid chromatography coupled mass spectrometry 
(UPLC-MS). The cell was equipped with an Ag/AgCl in sat. KCl reference electrode (Pine) 
and Pt counter electrode (Pine Research Instruments). The working electrodes were 
purchased as follows: Sigma (Pd, Mo), Flinn Scientific (Cu, Fe, Pb, Zn), and Science 
Company (Ni). Geometric surface areas are displayed in Table S1. Prior to electrocatalysis, 
the electrodes were cleaned with acetone and MilliQ water, and wiped with a Kimwipe. All 
solutions were magnetically stirred at 400 rpm with a PTFE octagonal stir bar for the 
duration of the catalytic test. During chronoamperometry experiments, 0.5 mL aliquots of the 
reaction medium were collected at 5, 15, 30, and 60 min for analysis. 
Electropolishing was conducted in a two-electrode electrochemical cell following 
ASTM E3 standards using a TiO2 electrode strip as the counter electrode.
37
 A potential of 15 
V was applied for 20 s. The Pb electrode was subsequently reduced in a 0.5 M sulfuric acid 
solution. 
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3.2.2 Product Analysis 
Samples were diluted 1:1 with MilliQ water (18.2 MΩ) and then analyzed with a 
Waters Acquity H-Class ultra performance liquid chromatograph (UPLC) equipped with 
photodiode array (PDA) and QDa mass detectors. A Waters HSS C18 1.8 μm (2.1 x 100 
mm) column was used to separate ctMA, ttMA, t3HDA, and AA. The MA isomers were 
quantified with the PDA detector set at 230 nm whereas t3HDA and AA were quantified 
with the QDa mass detector in positive and negative mode, respectively. ACS grade ccMA, 
ttMA, t3HDA, and AA were purchased from Sigma (St Louis, MO). These compounds were 
used for UPLC calibration and as references for NMR analysis. ctMA was prepared by 
heating ccMA at 75 °C for 25 min. Reactant and product elution times corresponding to the 
analysis are found in Supporting Information (Figure S1). 
1
H NMR analysis was performed on a Bruker 600 MHz NMR spectrometer 
(AVIII600). The samples were dried at room temperature under a current of air, reconstituted 
in deuterium oxide, and subsequently analyzed. Genuine spectra of the reactants and products 
are found in the supporting information (Figure S2). 
Optical microscopy images were acquired with an EVOSfl light microscope. 
3.2.3 Computational Methods 
The geometries were initially optimized using density functional theory (DFT)
38
 with 
the hybrid B3LYP exchange-correlation functional,
39, 40
 and the DZVP2 basis set.
41
 
Vibrational frequencies were calculated to ensure that the optimized structures were minima. 
The optimized B3LYP/DZVP2 geometries were then used as starting points for G3MP2 
calculations
42
 to predict gas phase enthalpy of formation (ΔHgas) and the gas phase acidity 
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(ΔGgas for the reaction AH → A
-
 + H
+
). These calculations were done with the Gaussian 09 
program system.
43
 
The enthalpies of formation of the pure liquid phases were estimated using the fact 
that the free energy is zero at a phase change so that the enthalpy of vaporization (ΔHvap) can 
be calculated using ΔHvap = TBP ΔSvap, where ΔHvap is the enthalpy of vaporization, TBP is the 
boiling point in degrees Kelvin (K), and ΔSvap is the entropy of vaporization. ΔSvap is 
approximately constant for many compounds, as initially found by Pictet and Trouton,
44-48
 
and thus, for a given boiling point, ΔHvap can be estimated. From our previous calculations 
for organic acids,
49, 50
 we found that ΔSvap = 0.031 cal/mol K. The enthalpy of formation of 
the pure liquid phase (ΔHliq) is obtained as the difference between the gas enthalpy of 
formation and the enthalpy of vaporization: ΔHliq = ΔHgas – ΔHvap. 
The COSMO-RS
51-54
 approach as implemented in the ADF
55, 56
 program was used to 
estimate TBP from DFT results at the B88P86/TZ2P level.
57-59
 The solvation component for 
the acidity calculations were done as follows. The solvation free energies in water at 298 K 
was calculated using the self-consistent reaction field approach
60
 with the COSMO 
parameters,
52, 61
 as implemented in the Gaussian 03
62
 using the B3LYP/DZVP2 gas phase 
geometries. For the COSMO (B3LYP/DZVP2) calculations in Gaussian 03, the radii 
developed by Klamt and co-workers were used to define the cavity.
61
 The Gibbs free energy 
in aqueous solution (ΔGaq) was calculated from ΔGaq = ΔGgas + ΔΔGsolv where ΔGgas is the 
gas phase free energy and ΔΔGsolv is the aqueous solvation free energy calculated as 
differences between conjugate base and the acid. A dielectric constant of 78.39 
corresponding to that of bulk water was used in the COSMO calculations. The solvation 
energy is reported as the electrostatic energy (polarized solute - solvent). To improve the 
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calculated values for pKa, an approach which predicts the pKa relative to known standards 
(CH3COOH) was used.
63
 The error in the absolute calculated pKa of CH3COOH is 3.0 pKa 
units using a value for the free energy of solvation of the proton of -264.3 kcal/mol.
64, 65
 The 
pKa values in aqueous solution relative to CH3COOH (HA + CH3COO
−
 → A− + CH3COOH) 
were calculated using the following: 
pKa
 ′
 = pKa(CH3COOH) + ΔGaq/(2.303RT). 
The calculations were performed on a Xeon-based Dell Linux cluster at the 
University of Alabama, and a local AMD Opteron-based and Intel Xeon-based Linux cluster 
from Penguin Computing. 
3.3 Results and Discussion 
3.3.1 Muconic Acid Synthesis and Isomerization 
Biocatalysts selectively produce ccMA by fermentation.
25
 However, the ct and tt 
isomers of MA are known and the spontaneous formation of ctMA from ccMA under acidic 
conditions has been reported previously.
20, 66
 Therefore, we first investigated the 
isomerization of ccMA at low pH and under ambient conditions to simulate the ECH 
conditions. A 5 mM solution of ccMA with 1.5 mM acetic acid in D2O was reacted at room 
temperature (22.5 °C) for 8 days (Figure 1). Periodic analysis by 
1
H NMR revealed that 
ccMA isomerization to ctMA was nearly complete within 3 days. The composition of the 
solution remained stable afterward for an additional 5 days, at which time monitoring was 
ceased. Increasing the temperature to 75 °C allowed the reaction to complete within only 20 
min. ttMA was never observed in good agreement with previous works, which stated that 
ttMA formation requires chemical activation.
22
 Given that ccMA production by low pH 
fermentation with engineered S. cerevisiae typically occurs at temperatures >22.5 °C for 3-5 
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days and the ECH is conducted under acidic conditions, we decided to carry out the present 
study using the ctMA isomer as a reactant. 
 
Figure 1. Concentrations of MA isomers over time. Full conversion of ccMA to ctMA 
occurs within 3 days at 22.5 °C.  
 
3.3.2 Mechanistic and Thermodynamic Considerations 
During MA hydrogenation, ECH and HER are competitive reactions. Both processes 
could even share the first elementary step (Volmer step) where protons from the solution are 
reduced to form adsorbed hydrogen atoms (Equation 1).
35
 The adsorbed atoms can then 
either participate in the ECH reaction or combine to generate H2 following the Tafel or 
Heyrovsky steps (Equations 2-3). Although H2 is a valuable byproduct, its formation is 
typically undesired during ECH as it lowers the faradaic efficiency (ratio of electrons 
consumed by ECH vs HER) and the overall performance of the ECH catalyst.
34, 35
 In 
addition, H2 does not participate in the hydrogenation reaction; specifically, with the applied 
potential there is no production of atomic hydrogen from H2.
67
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H
+
 + e
-
 → Hads  Volmer step (in acid) (1) 
2 Hads → H2  Tafel step (2) 
Hads + H
+
 + e
-
 → H2 Heyrovsky step (in acid) (3) 
Before any further considerations, it is important to study the thermodynamic 
equilibria associated with HER and ECH to understand how they evolve with pH and applied 
potential. Thermodynamic data is widely available for HER.
68
 However, muconic acid is not 
a common reactant and, like many biorenewable molecules, thermodynamic data is not 
available in the open literature.
49, 50
 Therefore, we calculated the thermodynamic properties 
of all the molecules susceptible to form as well as the enthalpies of formation and the free 
energies associated with all the hydrogenation reactions that may take place during ECH 
(Tables 1-2). In all cases, we considered a two-step reaction where MA is first hydrogenated 
to the corresponding monounsaturated diacid (cis and trans isomers of 2 and 3HDA) before 
further hydrogenation to AA (Table 2). As shown in Table 2, all the reactions associated with 
the hydrogenation of MA to AA are thermodynamically favored by 10 to 20 kcal mol
-1
. 
 
Table 1. Heats of formation (gas and liquid), boiling point, and gas phase acidities (ΔGgas) at 
G3MP2 at 298 K in kcal mol
-1
 and pKa (relative to acetic acid). 
Molecule
a
 
∆Hf(0K) 
(gas) 
∆Hf(298K) 
(gas) 
BP calc ∆Hvap,BP 
∆Hf(298K) 
(liq) 
ΔGgas 
acidity 
First pKa  
(exp pKa)
b
 
ccMA -145.8 -150.7 503.2 15.6 -166.3 328.0 2.9 
ctMA -146.6 -151.5 569.4 17.7 -169.1 328.7 2.9 
ttMA -148.8 -153.6 564.1 17.5 -171.0 329.0 3.4 (2.7)
c
 
t3HDA -169.5 -175.9 583.7 18.1 -194.0 333.8 4.4 (3.96) 
c3HDA -168.0 -175.5 584.6 18.1 -193.6 329.6 4.5 
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Table 1. Continued  
t2HDA -171.4 -177.8 587.5 18.2 -196.1 332.1 5.3 
c2HDA -170.2 -176.8 564.9 17.5 -194.3 335.2 5.9 
AA -197.3 -205.4 586.5 18.2 -223.6 335.2 5.0 (4.43) 
a
Notation: ccMA, ctMA, and ttMA correspond to cis,cis-, cis,trans-, and trans,trans-muconic acid; 
c2HDA, t2HDA, c3HDA, and t3HDA designate the cis (c) and trans (t) isomers of 2-hexenedioic 
acid (2HDA) and 3-hexenedioic acid (3HDA); AA corresponds to adipic acid. 
b
Experimental pKa 
values found in the literature are provided in brackets for comparison. 
c
Value from 
69
. 
 
Table 2. Hydrogenation energies at G3MP2 in kcal mol
-1
. 
Reaction
a
 ∆Hgas ∆Ggas ∆Hliq ∆Gaq 
ccMA + H2 → t3HDA -24.0 -17.0 -27.6 -20.3 
ccMA + H2 → c3HDA -23.6 -13.5 -27.3 -17.1 
ccMA + H2 → t2HDA -26.0 -18.4 -29.7 -21.9 
ccMA + H2 → c2HDA -24.9 -17.1 -28.0 -19.9 
ctMA + H2 → t3HDA -23.3 -15.8 -24.8 -15.9 
ctMA + H2 → c3HDA -22.9 -12.3 -24.5 -12.7 
ctMA + H2 → t2HDA -25.2 -17.3 -26.9 -17.5 
ctMA + H2→ c2HDA -24.2 -15.9 -25.2 -15.5 
ttMA + H2 → t3HDA -21.2 -13.8 -22.9 -14.3 
ttMA + H2 → c3HDA -20.8 -10.3 -22.5 -11.1 
ttMA + H2 → t2HDA -23.1 -15.2 -25.0 -15.9 
ttMA + H2 → c2HDA -22.1 -13.9 -23.3 -13.9 
t3HDA + H2 → AA -28.4 -19.3 -29.7 -18.8 
c3HDA + H2 → AA -28.8 -22.7 -30.0 -22.1 
t2HDA + H2 → AA -26.5 -17.8 -27.6 -17.3 
c2HDA + H2 → AA -27.5 -19.1 -29.3 -19.3 
a
Notation: ccMA, ctMA, and ttMA correspond to cis,cis-, cis,trans-, and trans,trans-muconic acid; 
c2HDA, t2HDA, c3HDA, and t3HDA designate the cis (c) and trans (t) isomers of 2-hexenedioic 
acid (2HDA) and 3-hexenedioic acid (3HDA); AA corresponds to adipic acid. 
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These theoretical values can be further used to calculate the theoretical potential of each 
reaction and its variation with pH using Nernst’s equation (Figure 2). As shown in Figure 2, 
the potentials for ECH are higher than for HER over the pH range 0-14. As HER and ECH 
are cathodic reactions, Figure 2 implies that ECH reactions are thermodynamically favored 
over HER, regardless of pH. The plot also reveals little difference between t2HDA, t3HDA, 
and AA, meaning that it may be possible to selectively synthesize any of these 3 chemicals 
by fine tuning the reaction kinetics. Although not commonly used for polymer synthesis, we 
anticipate that 2HDA and 3HDA could become interesting monomers for polyester and 
polyamide synthesis based on their structural resemblance with adipic and fumaric acids.
70
 
 
Figure 2. Theoretical potentials for the formation of hydrogen (HER), c3HDA, t3HDA, 
c2HDA, t2HDA, and AA from ctMA as a function of pH based on calculated ∆Gaq values 
(Table 2). 
 
Previous work on ECH revealed that poor HER catalysts offer the highest 
hydrogenation activities.
27-32
 Unconventional post transition metals such as Pb were 
particularly selective for levulinic acid and HMF hydrogenation. This observation can be 
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rationalized by analyzing the volcano plot published by Greeley et al. for HER.
68
 The highest 
exchange current densities (high HER activity) were observed for metals with a free energy 
for hydrogen binding ΔGH ~ 0. Metals that bind hydrogen more strongly (ΔGH < 0) or more 
weakly (ΔGH > 0) are significantly less active for HER and adsorbed hydrogen atoms are 
therefore more likely to be involved in hydrogenation reactions than H2 evolution (Figure 3, 
adapted from
68, 71
).
35
  
 
 
Figure 3. Volcano plot showing the correlation between exchange current densities (HER 
activities) achieved and the main products formed through ECH as a function of the free 
energy of hydrogen adsorption ΔGH of the metals. Optimal HER activity is achieved for 
metals with ΔGH ~ 0. For clarity, only the metals tested in the present work are displayed on 
the plot. The colors indicate the main products formed during ECH (orange: ttMA, blue: 
t3HDA, green: AA). The open symbols correspond to the faradaic efficiency for ECH at the 
end of the reaction duration. Adapted based on references. Reprinted by permission from 
Macmillan publishes Ltd: Nature Materials [
68
] copyright (2006) and reprinted from  [
71
] . 
Copyright (1972), with permission from Elsevier. 
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However, at this point it is unclear whether weak (ΔGH > 0) or strong hydrogen 
binding (ΔGH < 0) is best suited for ECH and how large |ΔGH| must be to ensure optimal 
hydrogenation activity. The hydrogen binding energy may influence a range of parameters 
including the hydrogen coverage of the catalyst, the nature and number of metal sites 
available for MA binding and activation, the activation barrier for ECH, and the availability 
of hydrogen to react through HER and ECH. These parameters may further influence the 
HER and ECH rates, the faradaic efficiency, and selectivity to the various ctMA 
hydrogenation products. Therefore, we tested a broad range of early, late, and post transition 
metals representative of both the low and high overpotential metals commonly used for ECH.  
3.3.3 ECH with Low Hydrogen Overpotential Metals 
The results obtained for representative low hydrogen overpotential metals are shown 
in Figure 4. The catalytic tests were performed at -1.12 V and -1.72 V vs RHE. The surface 
of the bulk metal electrodes remains fully reduced (metallic) under these potentials, as 
confirmed by the corresponding Pourbaix diagrams.
72, 73
 In all cases, a solution of 3.52 mM 
ctMA and 0.26 M formic acid was reacted for 1 h and aliquots of the solution were analyzed 
by UPLC after 5, 15, 30, and 60 min of reaction. As expected, increasing the cathodic 
potential from -1.12 V to -1.72 V increased the kinetics of all the electrocatalytic reduction 
reactions, hence the kinetics of both ECH and HER. Although ECH reactions are in general 
thermodynamically favored over HER (e.g., Figure 2),
31
 the latter is one of the fastest known 
electrochemical reactions. As a result, high ctMA conversions were measured after 1 h, but 
the faradaic efficiencies did not exceed 15% for low hydrogen overpotential metals (i.e., 
good HER catalysts). 
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Figure 4. ECH of ctMA in 1% formic acid solution with low hydrogen overpotential metals 
at -1.12 V (left), -1.72 V (middle), and corresponding faradaic efficiencies (right). (a) Pd, (b) 
Ni, (c) Cu, (d) Fe. Legend:  ctMA conversion,  ttMA selectivity,  t3HDA 
selectivity,  AA selectivity, and  unknown/decomposition product selectivity.  
  
These faradaic efficiencies are also consistent with the fact that H
+
 and ctMA 
compete to adsorb on the surface of the catalyst and that the concentration of ctMA is two 
orders of magnitude lower than [H
+
]. Faradaic efficiencies of 70-90% were only achieved for 
70 
 
the ECH of levulinic acid and HMF when the initial concentrations of the organic reactant 
and acidic electrolyte were close and the conversion was lower than 10%.
29, 31, 32
 Here, the 
experiments were carried out with 3.52 mM ctMA (500 mg L
-1
) to represent the highest titer 
for yeast fermentation
15
 and to remain below the solubility limit of the MA isomers (ccMA~1 
g L
-1
, ctMA=5.2 g L
-1
, ttMA=90 mg L
-1
). Finally, it should also be mentioned that the 
solutions were not purged with inert gas before and/or during this set of electrocatalytic 
reactions. Hence, dissolved oxygen is likely to react at the counter electrode following the 
oxygen reduction reaction (ORR), which would further lower the FE (vide infra). We did not 
attempt to increase the faradaic efficiency as the primary goal of this work was to elucidate 
the key parameters that govern conversion and selectivity.  
It has been shown previously that the high pressure thermocatalytic hydrogenation of 
muconic acid with Pt group metals yields adipic acid.
12
 However, under our reaction 
conditions, Ni was the only metal to yield both t3HDA and AA. Interestingly, bulk Pd foil 
did not produce AA even after extended reaction times. In all experiments, the fraction of 
unknown or undetected products calculated based on the carbon balance remained stable or 
decreased over time and when increasing the potential from -1.12 V to -1.72 V, thus 
indicating that ctMA and/or product decomposition was minimal. As expected for good HER 
catalysts, the ECH rate was low for Pd and the ctMA conversion after 1 h reached 20% at 
best. Ni, Cu, and Fe were significantly more active than Pd, in good agreement with their 
position on the volcano plot for HER (Figure 3). ctMA conversion ranged between 30 and 
60% depending on the metal and applied potential. t3HDA was the main product for these 
catalysts, however, ttMA and AA (in the case of Ni) were also detected. The non-faradaic 
ctMA isomerization to ttMA appears to be electrochemically promoted, enhanced by electro-
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reduced protons on the surface of the electrode.
74, 75
 In addition, the selectivity of ttMA 
remained stable for Cu and slightly decreased over the course of the reaction for Fe, which 
could indicate that ttMA is an intermediate in the hydrogenation of ctMA to t3HDA (vide 
infra). Overall, while the formation of AA on Ni opens interesting perspectives, the low 
faradaic efficiencies and low ctMA conversion achieved with low overpotential metals 
represent drawbacks.  
3.3.4 ECH with High Hydrogen Overpotential Metals (Mo, Sn, Zn, Pb) 
Metals that deviate further from ideal HER catalysts and present large |ΔGH| were 
more selective towards t3HDA and showed faster ECH rates than low hydrogen 
overpotential metals. 40-80% ctMA was converted within 1 h on Pb, Sn, and Zn, as shown in 
Figure 5. The selectivity to unknown/decomposition products calculated based on the carbon 
balance was also lower than for the previous set of catalysts. Late (Zn) and post-transition 
metals (Pb, Sn) which are on the left side of the volcano plot (ΔGH > 0, see Figure 3) showed 
the highest ECH rates and among the highest selectivities to t3HDA. Notably, Pb 
hydrogenated ctMA to t3HDA with 90% selectivity at 70% conversion and 60% faradaic 
efficiency under these reaction conditions (Figure 5). The faradaic efficiency further 
increased to reach ~100 % when argon was bubbled to purge the reaction vessels and remove 
any dissolved oxygen that could react at the cathode (ORR). These results are consistent with 
previous reports on levulinic acid,
31
 HMF,
27, 30
 and sorbitol hydrogenation,
28
 which identified 
Pb as a promising electrocatalyst for biorenewable chemical conversion. In contrast, results 
obtained for Mo (ΔGH < 0) were markedly different and displayed trends similar to low 
hydrogen overpotential metals. It appears that strong hydrogen binding is detrimental to high 
ECH performance, probably due to competitive adsorption. 
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Figure 5. ECH of ctMA in 1% formic acid solution with high hydrogen overpotential metals 
at -1.12 V (left), -1.72 V (middle), and corresponding faradaic efficiencies (right). (a) Mo, (b) 
Sn, (c) Zn, and (d) Pb. Legend:  ctMA conversion,  ttMA selectivity,  t3HDA 
selectivity,  unknown/decomposition product selectivity. 
 
This interpretation is supported by the trend observed for faradaic efficiency as a function of 
ΔGH (Figure 3). However, the large binding strength of hydrogen to Mo appears to promote 
ttMA formation further suggesting electrochemical promotion of ctMA isomerization with 
electroreduced protons on the surface of the electrode. It should be noted that clear trends 
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between selectivity and hydrogen binding properties have not been identified in previous 
works. Often, the selectivity toward the desired product is only reported at low substrate 
conversion (< 10%), that can be misleading as the selectivity can fluctuate significantly over 
the course of the reaction, even over short reaction times (Figure 5). 
3.3.5 ctMA Electrocatalytic Hydrogenation Pathway 
Low and high hydrogen overpotential metals show significant differences in reaction 
rates, faradaic efficiency, and selectivity. The unknown compounds calculated based on the 
carbon balance could correspond either to additional hydrogenation products that could not 
be identified and quantified, or to decomposition products resulting from oxidation at the 
counter electrode. To elucidate the reaction pathways in more detail for the reactions on Pb, 
we performed the same ECH at low cathodic potential (-0.57 V) to slow the kinetics and we 
monitored the reaction for 300 min (Figure 6a). Under these conditions, 57% selectivity 
towards ttMA was obtained after 60 min of reaction with the Pb electrode. Moreover, ttMA 
concentration decreased as ctMA conversion reached 80%, thus strongly supporting that 
ttMA is an intermediate in the hydrogenation of ctMA to t3HDA. This intermediate was not 
observed at higher potential (-1.12 and -1.72 V) likely due to faster kinetics or a shift in the 
rate determining step (Figure 5).  
The solution recovered after ECH of ctMA at –1.72 V was further analyzed by 1H 
NMR. The spectrum displayed 96% yield to t3HDA instead of a racemic mixture of cis and 
trans isomers (Figure 6b). For catalysts that produce t3HDA, this indicates that ctMA is first 
electrochemically isomerized to ttMA followed by the ECH of ttMA to t3HDA (Figure 6c). 
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Figure 6. (a) ECH on Pb at -0.57 V of ctMA in a 0.01 M sulfuric acid solution.  ctMA 
conversion,  ttMA selectivity,  t3HDA selectivity,  unknown/decomposition product 
selectivity. (b) 
1
H NMR spectrum of the reaction products obtained after ECH a -1.72 V; 
integrations of c3HDA and t3HDA correspond to 96% geometric isomer selectivity toward 
t3HDA. (c) Proposed reaction scheme for metals producing t3HDA. 
 
It is interesting to note that the further hydrogenation of t3HDA to AA did not occur 
even with a 600 mV difference in cathodic potential. This could be due to the weaker binding 
of t3HDA with the metal electrode compared to ctMA and ttMA. Once t3HDA forms and 
desorbs no further hydrogenation occurs. The formation of intermediates in the production of 
AA on Ni are less clear. For high-pressure hydrogenation, it was determined that the 
hydrogenation of MA produced 2HDA followed by subsequent hydrogenation to AA.
12
 This 
result suggests a mechanism involving a 1,2-addition followed by further hydrogenation to 
AA.
36
 Surprisingly, 2HDA was never detected in our study. Instead, 60-80% of t3HDA, the 
product of the 1,4-addition, were found during the Ni-catalyzed ECH of ctMA. However, it 
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should be noted that the carbon balance, shown as unknown/decomposition products in 
Figure 4, was relatively low for Ni. It is therefore possible that the reaction proceeds 
following two parallel pathways, leading to 2HDA by 2,3-addition and to 3HDA by 2,5-
addition. These two pathways are well known in organic chemistry. For addition reactions on 
conjugated dienes, it has been established that the 1,2-adduct forms when the system is under 
kinetic control whereas the 1,4-adduct is obtained under thermodynamic control.
76
 Therefore, 
this suggests that it could be possible to either enhance the formation of the kinetically- or 
thermodynamically favored hydrogenation product through variation of the applied potential 
and the choice in metal catalyst (e.g. selection by metal-hydrogen bond strength). Obviously, 
additional experiments are required to confirm this hypothesis, which is beyond the scope of 
the present work. 
3.3.6 Electrochemically Active Surface Area and Turnover Frequency Calculations 
Another important figure of merit for catalysts is the turnover frequency (TOF). 
Despite being a fair value to compare catalysts, TOFs are unusual in electrocatalysis because 
the electrochemically active surface area (ECSA) is difficult to determine in many cases. 
Nonetheless, we estimated the upper limit for the TOF with Pb catalyst, the most active and 
selective catalysts for the production of t3HDA. 
Robust and accurate methods to determine the ECSA of Pb catalysts are not available 
yet. However, the electrode’s geometric surface area can be used directly to estimate the 
catalyst’s TOF if the surface is smooth. Optical microscopy images revealed microscopic 
features produced through wiping the soft metal with a Kimwipe (Figure 7a). Therefore, we 
electropolished the surface by immersing the Pb electrode into an acidic solution and 
applying a high potential. During this process, burs and sharp edges protruding from the 
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electrode are dissolved into the electrolyte at a faster rate than the oblate material. After 
electro-polishing, most of these features are leveled and the geometric area of the electrode 
strip was estimated to be the electrochemically active surface area (Figure 7b). The number 
of exposed metal atoms was then calculated using a reference value of 
9.39×10
14
 atoms cm
-2
.
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Figure 7. Light microscope images of the Pb electrode strip (a) after cleaning with a 
Kimwipe, (b) after electropolishing, and (c) after ECH of ctMA. Scale bar: 400 μm. 
 
Figure 8. (a) ECH of ctMA with electro-polished Pb at -1.17 V in a 1% formic acid solution 
 ctMA conversion,  ttMA selectivity,  t3HDA selectivity, 
unknown/decomposition product selectivity, (b) faradaic efficiency, and (c) TOF of 
corresponding ECH.  
 
After electropolishing, two consecutive ECHs of ctMA were carried out and the 
results were compared. Minor fluctuations in conversion, selectivity, faradaic efficiency, and 
TOF were calculated although the surface roughness increased (Figure 7c; error bars in 
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Figure 8). The TOF was about 5.6 s
-1
 in the early stages of the catalytic tests (Figure 8c) in 
the absence of external mass transfer (Figure S3). This value seems reasonable considering 
that it is not based on the ECSA but on the geometric surface area of the electrode, and is 
therefore an upper limit estimate. 
3.4 Conclusion 
Biologically-produced muconic acid emerges as a platform chemical for the synthesis 
of a wide range of biobased monomers. The production of adipic acid, a Nylon 6,6 precursor, 
through high pressure hydrogenation is already well established. Here, we explored the 
electrocatalytic hydrogenation of MA at room temperature and atmospheric pressure using 
hydrogen generated in situ from water. ctMA was converted to ttMA, AA, and t3HDA by 
applying a potential between -0.57 V to -1.72 V on a transition metal catalyst. Conversion, 
selectivity, and faradaic efficiency were tuned largely by varying the experimental 
conditions, notably the nature of the metal and the applied potential. Metals that bind 
hydrogen weakly (ΔGH > 0), in particular Pb, were highly active and selective toward 
t3HDA, a promising monomer for bio-advantaged polyamides.
15
 Conversely, catalysts that 
bind hydrogen more strongly were selective towards ttMA and displayed low faradaic 
efficiencies (Figure 3). The reaction appears to proceed through the intermediate ttMA, 
which itself is a precursor to biobased PET and can be obtained with a good selectivity by 
lowering the applied potential.  
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3.7 Supporting Information 
 
Calculations 
Conversion, selectivity, faradaic efficiency, and turnover frequency are calculated as follows. 
n is the number of electrons transferred (2=HDA, 4=Adipic acid), I is the current transferred, 
t is the reaction time, V is the volume of the electrolyte, and F is Faraday’s constant. 
Cis,trans-muconic acid (ctMA), trans,trans-muconic acid (ttMA), trans-3-hexenedioic acid 
(t3HDA), and adipic acid (AA). The initial ttMA concentration [ttMA]0 was typically  <7 
μM. 
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Table S1. Geometric dimensions of the metal electrodes 
Metal 
Length 
(mm) 
Width 
(mm) 
Thickness 
(mm) 
Area 
(cm
2
) 
Cu 22.0 12.7 0.3 5.7 
Fe 22.6 13.0 0.6 6.2 
Mo 15.5 13.2 0.1 4.1 
Ni 20.8 12.7 0.9 5.8 
Pd Foil 12 25 0.1 6.0 
Pb 20.5 12.0 0.8 5.3 
Pb 
(Electropolished) 
20.5 11.5 0.7 5.1 
Sn 22.0 13.4 0.7 6.3 
Zn 20.8 11.6 0.3 5.0 
  
 
 
Figure S1. ctMA, ttMA, t3HDA, and AA UPLC elution times. Small quantities of ccMA  
(<1%) still remain in the reaction solution after thermal isomerization to ctMA. (a) 230 nm 
chromatograms of UPLC eluents. AA is a poor chromophore and does not appear in the 
chromatogram. (b) m/z =144 corresponding to t3HDA for QDa analysis and (c) m/z of 146 
corresponding to AA for QDa analysis. 
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Figure S2. 
1
H NMR spectra at 600 MHz in D2O of genuine (a) ctMA, (b) ttMA, (c) t3HDA, 
and (d) AA 
 
 
 
Figure S3. Effect of magnetic stirring of the solution on the reaction rate. The similarities 
between rates obtained for different stirring rates suggest no influence of external mass 
transfer. 
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Abstract 
 The combination of bulk electrolysis, isotope tracing, and self-assembled monolayer 
studies provides new insight into the reaction mechanisms involved in the electrochemical 
hydrogenation of alkenyl functionalities. Our findings contrast with general electrochemical 
hydrogenation knowledge that distinguishes inert and noble metal electrodes as two distinct 
classes of materials that typically follow electrochemical or electrocatalytic pathways, 
respectively. Specifically, we show that nanostructuring a Pd based cathode enables an 
electrocatalytic pathway that was absent for bulk Pd. This work outlines the importance of 
catalyst development/selection for organic electrosynthesis, in particular for the 
electrochemical conversion of biobased platform chemicals. 
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4.1 Introduction 
 Electrochemical hydrogenations are attractive for biomass conversion reactions due 
to their ability to abstract hydrogen from water, tolerate biogenic impurities in the electrolyte, 
and utilize earth abundant base metal catalysts.
1, 2
 These reactions are inherently “green”, 
avoid the use of unwanted oxidizing or reducing agents, do not require an external hydrogen 
source, and typically offer higher selectivities over their heterogeneous/homogenous thermal 
counterparts.
3
  However, further progress in this field is currently hampered by the lack of 
understanding of the mechanisms involved in these reactions. Electrocatalytic and electro-
chemical pathways that involve either inner-sphere or outer-sphere electron transfers provide 
distinct advantages for selected chemical conversions (Scheme 1). 
 Electrocatalytic hydrogenations contrast from the corresponding electrochemical 
processes through a reaction involving the adsorption of both hydrogen (Hads) and the 
substrate onto the electrode surface (Scheme 1).
4, 5
 In contrast, an inner-sphere electron 
transfer requires only the substrate to interact with the electrode surface. For a hydrogenation 
reaction, this is then followed by an electron transfer and a homogenous chemical reaction 
with protons in the solution. As opposed to an inner-sphere electron transfer, an outer-sphere 
electron transfer proceeds without bond formation between the electrode and the organic 
reactant (Scheme 1b).
6
  
Pt group metals, which are common hydrogenation catalysts, favor the fully saturated 
products and generally achieve similar selectivities for both the electrocatalytic and the 
corresponding thermocatalytic reactions.
7-9
 This is in contrast to electrochemical processes 
that can occur on high hydrogen overpotential metals like Cd, Pb, Zn, Hg, etc., that generally 
proceed through radical-based mechanisms.
8, 9
 By selecting electrodes based on their 
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hydrogen overpotential, the selectivity, faradaic efficiency, and yields for the chemical 
conversion of interest are varied.
10-12
  
 
Scheme 1. Schematic illustration of cis,trans-muconic acid (ctMA) electrochemical 
hydrogenation to trans-3-hexenedioic acid (t3HDA) and adipic acid (AA) (a). The scheme 
emphasizes the differences between the electrocatalytic, inner-sphere electronic transfer, and 
outer-sphere electron transfer mechanisms (b). 
 
 
 
Recent work on biomass conversion has favored the use of both high and low 
overpotential metals in order to expand the range of products accessible for a single 
substrate.
13, 14
 In the case of furfural, the choice of the electrode altered the selectivity of the 
reaction between hydrogenation, dimerization, and hydrodeoxygenation products.
15
 While 
the electrode selection provided some control over the selectivity, the reaction mechanism(s) 
remain uncertain and may involve both electrochemical and electrocatalytic pathways. A 
detailed understanding of the reaction pathways under operation conditions would provide 
the necessary information to rationally design electrode materials for these reactions.  
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Herein, rather than changing electrode composition, we show that by simply 
nanostructuring Pd electrodes the selectivity for a model hydrogenation shifts from 2 to 4 
electron transfer products. The observed shift in selectivity, without changing the 
composition of the active phase, is associated with a dramatic change in the reaction 
mechanism that combines an electrocatalytic pathway and outer-sphere electron transfer. 
This effect is exemplified for the hydrogenation of muconic acid (MA), a platform 
intermediate central to the synthesis of biobased polyamides and polyesters.
1, 16-18
 Our results 
highlight how nanostructuring a catalyst impacts the mechanism(s) of electrochemical 
reactions and offer general considerations for C=C hydrogenations. 
4.2 Materials and Methods 
4.2.1 Electrochemical Measurements 
 A 50 mL solution of 35.2 mM cis,trans-muconic acid (ctMA) or trans-3-hexenedioic 
acid (t3HDA) in 0.1 M H2SO4/H2O was used as the reactant for the electrochemical 
conversion. Isotope studies were conducted using an electrolyte comprised of 0.1 M 
D2SO4/D2O. Thiol experiments were performed with an electrolyte comprised of 0.1 M 
H2SO4/H2O and a desired amount of 3-mercaptopropionic acid.  
 Bulk electrolysis was performed in a jacketed cell held at 23 °C and continually 
purged with Ar. A potential of -1.2 V vs. Ag/AgCl was applied to 50 mL of the reactant in a 
three-electrode electrochemical cell fitted with an Ag/AgCl reference and Pt coil counter 
electrodes. It should be noted that the Pd rotating disk electrode (RDE) degraded during the 
bulk electrolysis due to hydrogen absorption. For all electrochemical studies performed, the 
uncompensated solution resistance, measured by potentiostatic electrochemical impedance 
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spectroscopy, was compensated at 85% to obtain iR corrected potentials. The solution 
resistance was close to 19 Ω and currents ranged from 30 to 60 mA for all 
chronoamperometry experiments depending on the electrode employed. The electrolyte was 
purged with Ar for 15 min prior to the electrochemical studies and stirred at 700 rpm with a 
Teflon stir bar. Samples were taken every hour and analyzed by HPLC using photodiode 
array (PDA) and refractive index (RI) detectors as well as by 
1
H NMR when specified.  
 Linear sweep voltammetry was performed with a 120 mL solution purged with Ar for 
15 min prior to experimentation. The working electrodes were rotated at 1600 rpm utilizing a 
Pine modulated speed electrode rotator. Linear sweep measurements were recorded at 50 mV 
s
-1
, after stable cyclic voltammograms were observed.   
4.3 Results and Discussion 
The selectivity of pure metal catalysts depends on the coordination of the metal sites 
at the surface, specifically their distribution in step, kink, and terrace sites.
19
 This is also true 
for electrocatalysts. However, in outer-sphere electrochemical processes, the differences 
between metal sites and their overall impact on reactivity and selectivity becomes 
insignificant because the substrate does not bind to the electrode surface (Scheme 1b).
20
 In 
our recent work on MA hydrogenation, we showed that seven of the eight metal electrodes 
tested produced t3HDA, providing evidence for an outer-sphere electron-transfer 
mechanism.
11
 Out of the typical hydrogenation catalysts selected in previous works (Ni, Pd) 
only Ni was able to fully saturate ctMA to adipic acid (AA).
11
 In the present work, Pt also 
facilitated the additional 2 electron transfer from the hexenedioic acid intermediate to AA 
(Figure S1). Surprisingly, Pd differs from other platinum group metals in that the 
hydrogenation to AA only proceeded on nanostructured Pd/C electrocatalysts. Figure 1 
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shows that polycrystalline (bulk) Pd yields t3HDA while the Pd/C electrode facilitated the 4-
electron transfer to produce AA.  
This initial result suggested unexpected synergistic effects between the carbon 
support and nanostructured Pd metal. Yet, the glassy carbon electrode, the activated carbon 
support (without metal), and the activated carbon deposited on a bulk Pd rotating disk 
electrode were all unable to facilitate the 4-electron transfer to produce AA (Figure S2). 
These results rule out contributions from the carbon support to the observed catalytic 
performance. 
 
 
Figure 1. Electrochemical hydrogenation of 35.2 mM ctMA in 0.1 M H2SO4 with bulk Pd (a) 
and Pd/C electrodes (b) to trans,trans-muconic acid (ttMA) and t3HDA. The black line 
represents ctMA conversion. 
 
 Another possible explanation for this change in selectivity when nanostructuring Pd 
could be the difference in available Pd surface area. Pd surface area measurements utilizing 
potential sweep techniques showed a 22-fold increase (0.6 cm
2
 to 13.3 cm
2
) in 
electrochemical active surface area (ECSA) between the Pd rotating disk electrode (RDE) 
and Pd/C. However, the decrease in Pd active sites did not account for the complete absence 
of AA at similar conversion. A separate experiment performed on Pd foil and Pd/C with 
(a) (b) 
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comparable Pd surface areas of 12.4 cm
2
 and 13.3 cm
2
, respectively, corroborated the result 
that AA is absent on Pd foil but present on Pd/C (Figure S3). 
To discern between the electrocatalytic and electrochemical-based reaction 
mechanisms linear sweep experiments were performed for each electrode. While the bulk Pb 
electrode displayed a clear electrochemical process based on the polarization curves in 
previous experiments,
21
 the decrease in cathodic current for Pd and Pd/C for the electrolytes 
with MA indicated that ctMA is adsorbed on the electrode surface (Figure S4). However, this 
does not indicate whether the reactant or intermediates are electroactive. Bulk electrolysis 
was utilized to probe this result a priori. 
The previous bulk electrolysis experiments revealed differences between the Pd/C 
electrode and the Pd rotating disk electrode active phase that led to the formation of either the 
2 or 4 electron transfer product. To elucidate mechanistic differences associated with these 
hydrogenations, we performed the bulk electrolysis of MA in a D2O/D2SO4 electrolyte while 
purging the reaction medium with hydrogen gas. These experiments had two objectives: (i) 
reveal if hydrogen is provided by the electrolyte in the form of H
+
 or by dihydrogen 
dissociation on the electrode surface associated with the hydrogen evolution reaction; (ii) 
distinguish the kinetically-favored 2,3-addition from the thermodynamically-favored 2,5-
addition for conjugated systems.
22
 For the isotope analysis, the integrations of the 
1
H NMR 
signals for the t3HDA intermediate informs where the deuterium is incorporated into ctMA 
(Figure 2). 
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Figure 2. 
1
H NMR spectra after the electrochemical hydrogenation (ECH) of 35.2 mM ctMA 
(a) and t3HDA (b) in a 0.1 M D2SO4/D2O solution. Peak integrations correspond to the 
incorporation of deuterium during the ECH with a Pd/C electrode. 
 
 The signals at 5.66 ppm and 3.10 ppm and their 1:1 integration revealed a 2,5 
addition of deuterium to ctMA to produce t3HDA. Previous electron spin resonance studies 
detailed a 2,5 addition for the radical-based hydrogenation of MA to t3HDA.
23
 The 2,5 
electrochemical addition of hydrogen is facilitated by the electron withdrawing carboxylic 
acids, which stabilize the radical intermediate.
23
 A similar result was obtained with the Pd 
RDE electrode, suggesting that the semi-hydrogenation to t3HDA proceeds through a radical 
while its further hydrogenation to AA may proceed through a different pathway on Pd/C. 
Performing an isotope experiment with Pd/C, but starting with t3HDA gave again a 1:1 
integration and indicated that hydrogen purged into the reactor does not dissociate under 
these conditions, consistent with previous works.
24
  
 At this stage the mechanism(s) involved in the formation of AA on Pd/C remained 
unclear and could involve an electrocatalytic, outer-sphere or inner-sphere electron transfer 
to perform the hydrogenation. Inner-sphere and electrocatalytic-type reaction mechanisms 
would both require the reactant to adsorb to the surface of the catalyst. For MA this would 
likely bind the C3 carbon in order to facilitate the 2,5 hydrogen addition to produce t3HDA 
a 
b 
a 
b a 
b 
a 
b 
(a) (b) 
a 
b a 
b 
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as determined through the isotope tracing study. This is opposed to an outer-sphere electron 
transfer mechanism that would only require the transfer of an electron through the 
coordination sphere of MA and even through ligands attached to the surface of the metal 
electrode. 
 To distinguish between surface and outer-sphere reaction mechanisms, the metal 
surface of the Pd/C catalyst was poisoned with 3-mercaptopropionic acid, a carboxyl-
terminated C3 thiol, in a similar experiment to Xiao et al.
25
 In this experiment, if the electron 
transfer to produce AA is through an outer-sphere mechanism, the production of AA will be 
unhindered. Doping 3-mercaptopropionic acid into a 0.1 M H2SO4 electrolyte showed a 
decrease in the current (Figure S5a) while bulk electrolysis of the corresponding electrolyte 
with ctMA revealed the production of t3HDA and absence of AA (Figure S5b). Utilizing the 
Pd RDE for bulk electrolysis of ctMA in the presence of thiol also displayed the production 
of t3HDA (Figure S5c). These results strongly suggest that AA production occurs through an 
adsorbed intermediate, whereas the production of t3HDA likely proceeds through an outer-
sphere electrochemical process.   
 Last, to distinguish whether an electrocatalytic or inner-sphere electron transfer 
mechanism presides for the conversion of t3HDA to AA, a set of cyclic voltammograms 
were collected with a Pt rotating disc electrode. Pt was chosen due to the distinct hydrogen 
underpotential deposition (HUPD) region void of absorbed hydrogen, as would be present in 
the case of Pd (Figure S6). In these experiments, the HUPD resides in a potential window 
positive of the hydrogen evolution reaction. In the presence of ctMA, the difference between 
HUPD charge and the hydrogen oxidation will be equal to the amount of hydrogen consumed 
by ctMA. Examining a solution of 35.2 mM t3HDA in 0.1 M H2SO4 the charge observed for 
93 
 
the HUPD region was 115.6 μC cm
-2
 while the charge for hydrogen oxidation was 100.5 μC 
cm
-2
. The difference in the reduction and oxidation charges supports an electrocatalytic based 
reaction mechanism for the conversion of t3HDA to AA assuming the same reaction 
mechanism takes place between Pt and Pd/C. The corresponding mechanism for MA 
hydrogenation is proposed in Scheme 2.  
  
Scheme 2. Proposed MA hydrogenation mechanism. Steps 1-6 occur on electrodes that favor 
an electrochemical mechanism including Pb and Pd in our case. In contrast, steps 7-8 require 
an electrocatalyst such as Pd/C and Pt. 
 
 
 Particle size effects, specifically changes in the ratio between kink, edge, and terrace 
sites, are proposed to be responsible for the selectivity change between bulk Pd and Pd/C. As 
an additional test, a set of Pd/C samples were prepared with increasing particle size by 
controlled sintering at different temperatures (Table S1). In all cases, the Pd/C samples with 
larger particles displayed significantly lower AA selectivity than the untreated sample at 
similar degrees of MA conversion (Figure S7). While the design of the active site is 
important for the production of AA, it is beyond the scope of this communication. 
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 In this work, electrochemical methods and isotope tracing studies were combined to 
outline the mechanisms for the conversion of MA to AA as a case study for general C=C 
hydrogenation and electrocatalyst development. We demonstrate that the conversion of MA 
to the intermediate t3HDA likely proceeds through an outer-sphere electronation-protonation 
(EP) mechanism that involves two electrochemical and two chemical steps that alternate 
(ECEC mechanism)
26
 as elucidated by (i) previous studies that showed similar yields with 
inert and base metal electrodes, (ii) the present electrochemical data, and (iii) selective 
poisoning experiments. Compared to the initial EP hydrogenation of MA to t3HDA aided by 
the electron withdrawing groups,
23
 further hydrogenation of t3HDA to AA requires an 
electrocatalyst. We also show that the adsorption of t3HDA on the electrocatalyst surface 
requires specific Pd binding sites that are a function of particle size. This study is significant 
as it sets a foundation for deciphering the electrochemical and electrocatalytic processes 
involved in the conversion of multifunctional biobased chemicals. The gathered knowledge is 
especially important for selecting the right computational tools to develop an elementary 
understanding of these systems. 
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4.6 Supporting Information 
Chemicals 
 cis,cis-muconic acid (ccMA) was purchased from Acros. trans-3-hexenedioic acid 
(t3HDA) was purchased from Aldrich. trans,trans-muconic acid (ttMA), adipic acid (AA), 
deuterium oxide, d2-sulfuric acid, 5wt% palladium on carbon (Pd/C), 1wt% Pd/C, Nafion  
117 solution, and 3-mercaptopropionic acid were purchased from Sigma-Aldrich. Activated 
carbon (Darco G60) and perchloric acid 70% were purchased from Fisher chemical. Ethanol 
was purchased from Decon Laboratories. Sulfuric acid 98% (OmniTrace) was purchased 
from EMD Millipore. Palladium foil (0.1 mm thick) was purchased from Alfa Aesar.  
Palladium and glassy carbon disk inserts for the rotating disk electrode were purchased from 
Pine Research Instruments,  ctMA was prepared by heating ccMA at 75 °C for 25 min.
11
  
 
Electrocatalyst Synthesis 
 Pd/C catalysts with varying particle size were prepared by controlled sintering. 
Briefly, 5 wt% Pd/C was placed in a tube furnace under a 5% H2/N2 mixture, heated at 10 °C 
min
-1, and sintered at 400 °C and 600 °C for 1, 4 and 8 h. Electrocatalyst “inks” were 
prepared by sonicating ~10 mg of catalysts in 2 mL of ethanol and 200 μL of 5 wt% Nafion. 
45 μL of the obtained ink was then deposited on a glassy carbon substrate in three 15 μL 
depositions and allowed to dry between depositions.  
 
Product Analysis   
 1
H NMR analysis was performed on a Bruker 600 MHz NMR spectrometer 
(AVIII600). The samples were dried at room temperature under a flow of air, reconstituted in 
deuterium oxide, and subsequently analyzed. HPLC product analysis was accomplished 
using the conditions listed in Table S2. Samples were diluted 5x and injected into a Waters 
Alliance HPLC system. 
 
Surface Area Measurements 
 Pd surface areas were determined by electrochemical and H2 chemisorption 
techniques. The electrochemical Pd surface area was calculated by integrating the Pd 
reduction peak using a reference value of 405 μC cm-2 following Chierchie and Mayer.27 
  
Palladium Oxide Electrochemical Reduction. Tests were performed in 120 mL of a 0.5 M 
HClO4 solution prepared with 18.2 MΩ cm water purged with Ar. The potential was scanned 
between 0.153 V and 1.153 V vs. Ag/AgCl in satuated KCl. Measurements were taken after 
initial stabilization. It should be noted that the selection of Ea  is critical for the selected 
reference value of 405 μC cm-2. Care must also be taken to ensure Ec remains positive of the 
hydrogen underpotential deposition (HUPD). An example is shown in Figure S8. 
Electrochemically active surface area (ECSA) measurements were only performed for the Pd 
foil, Pd RDE, and the 5wt% Pd/C sample due to the significantly larger contribution of the 
electrochemical double layer present on the 1wt% Pd/C and sintered Pd/C samples that 
decreased the peak resolution. As shown in Table S1, the surface areas measured by 
chemisorption and palladium oxide reduction are comparable. 
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H2 Chemisorption. Analysis was performed on an Autochem II 2920 chemisorption 
instrument (Micromeritics). The palladium metal surface area was determined by H2 pulse 
chemisorption.  During the procedure, 50 mg of the Pd/C catalysts were heated to 200°C at 
10 °C min
-1
 in a 10% H2/Ar environment to remove any surface oxides. The H2 pulse 
chemisorption measurement started after the sample was allowed to cool to room temperature 
and the analysis chamber was purged with Ar. followed. 
 
 
 
Calculations 
Conversion and selectivity are calculated as follows.  
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Table S1. Pd samples and corresponding metal surface areas based on chemisorption and 
ECSA. 
Sample 
Temp/ 
Hold 
Time 
(°C/h) 
Surface 
Area 
(m
2 
g
-1
 
sample) 
Particle 
Size 
(nm)
*
 
Dispersion 
(%) 
Surface 
Area Pd on 
Electrode 
(cm
2
)
** 
Surface 
Area Pd 
on 
Electrode 
(cm
2
) 
ECSA 
1 wt % Pd/C 
(Sigma) 
x 1.5 3.2 34.7 3.5 x 
5 wt% Pd/C 
(Sigma) 
x 4.9 5.1 21.8 11.2 13.3 
1 400/1 3.0 8.4 13.4 6.9 x 
2 600/2 0.9 27.9 4.0 2.0 x 
3 600/8 0.5 51.0 2.2 1.1 x 
Pd RDE x x x x x 0.6 
Pd Foil x x x x x 12.4 
*
Hemispherical calculated particle size 
**
Based on chemisorption measurements
  
 
 
 
 
 
 
 
Table S2. Liquid chromatography method 
Instrument Waters Alliance HPLC 
Column Rezex RHM – Monosaccharide H+ (8%) 
Column Dimensions 300 x 7.8 mm 
Isocratic Mobile Phase 5 mM sulfuric acid 
Flow Rate 0.45 ml min
-1
 
Column Temperature 40 °C 
Injection Volume 20 μl 
Detector Waters PDA/RI 
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Figure S1. 
1
H NMR spectrum acquired after the bulk electrolysis of 35.2 mM t3HDA in 0.1 M 
H2SO4 with a Pt coil working electrode. AA is observed after 1 h reaction at -0.3 V vs. Ag/AgCl. 
 
 
 
 
Figure S2. Bulk electrolysis results for 35.2 mM ctMA at -1.2 V for 4 h in a 0.1 M H2SO4 using 
(a) a glassy carbon rotating disk electrode (RDE), (b) activated carbon supported on a glassy 
carbon RDE, and (c) activated carbon supported on a Pd RDE. 
a 
b a 
b 
a b 
(a) (b) 
(c) 
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Figure S3. Bulk electrolysis results for 3.52 mM ctMA in 1% formic acid in water using (a) a Pd 
foil with an ECSA of 12.4 cm
2
, and (b) a 13.3 cm
2
 ECSA Pd/C electrode supported on a glassy 
carbon substrate. Additional tests with the 12.4 cm
2
 surface area Pd foil electrode in a sulfuric acid 
medium resulted in large currents during the bulk electrolysis, which, because of ohmic heating, 
increased the current beyond the limits of the potentiostat, even when utilizing a jacketed cell to 
attempt to control temperature.  
 
 
 
 
 
Figure S4. Linear sweep voltammograms acquired with and without ctMA in 0.1 M H2SO4 
electrolyte for (a) a Pd electrode and (b) Pd/C. 
 
 
 
 
 
 
(a) (b) 
(a) (b) 
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Figure S5. (a) Linear sweep voltammograms for a Pd/C catalysts in 0.1 M H2SO4 with 
corresponding concentrations of 3-mercaptopropionic acid in the solution. Bulk electrolysis of 35.2 
mM ctMA at -1.2 V for 4 h with (b) Pd/C and (c) Pd RDE in the presence of 25.2 mM 3-
mercaptoproipionic acid. Blue trace: before reaction. Orange trace: after reaction. 
1
H NMR signals 
at 5.68 ppm and 3.14 ppm (peak overlap) show t3HDA after the 4 h reaction duration while the 
signals at 2.35 ppm and 1.55 ppm corresponding to AA are distinctly absent.  
 
 
 
Figure S6. (a) Cyclic voltammograms of a Pt RDE in a 0.1 M H2SO4. The blue curve displays the 
location of the HUPD while the orange curve displays the potential window for charge analysis. The 
charge associated with orange cathode scan corresponds to 217 μC cm-2 and the charge associated 
with the anode scan is 214 μC cm-2 (b) Cyclic voltammograms of a Pt RDE in a 35.2 mM t3HDA 
and 0.1 M H2SO4 solution. The charge associated with the cathode scan is 116 μC cm
-2
 while the 
charge associated with the anode scan is 101 μC cm-2.  
 
(a) (b) 
(c) 
(a) (b) 
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Figure S7. Bulk electrolysis results for 35.2 mM ctMA in 0.1 M H2SO4 with (a) 1wt% Pd/C, (b) 
5wt% Pd/C heat treated at 400 °C for 1 h, (c) 5wt% Pd/C heat treated at 600 °C for 2 h, and (d) 
5wt% Pd/C heat treated at 600 °C for 8 h at -1.2 V for 4 h. 
 
 
 
Figure S8. Cyclic voltammogram obtained for 45 μL of 5wt% Pd/C “ink” deposited on a 
glassy carbon substrate in 0.5 M HClO4. The curve was integrated from 0.14 V to 0.65 V and 
the corresponding surface area corresponds to a reference value of 405 μC cm-2. 
(a) (b) 
(c) (d) 
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Abstract 
 Muconic acid, an unsaturated diacid that can be produced from cellulosic sugars and 
lignin monomers by fermentation, emerges as a promising intermediate for the sustainable 
manufacture of commodity polyamides and polyesters including Nylon-6,6 and polyethylene 
terephthalate (PET). Current conversion schemes consist in the biological production of 
cis,cis-muconic acid using metabolically engineered yeasts and bacteria, and the subsequent 
diversification to adipic acid, terephthalic acid, and their derivatives using chemical catalysts. 
In some instances, conventional precious metal catalysts can be advantageously replaced by 
base metal electrocatalysts. Here, we show the economic relevance of utilizing a hybrid 
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biological–electrochemical conversion scheme to convert glucose to trans-3-hexenedioic 
acid (t3HDA), a monomer used for the synthesis of bioadvantaged Nylon-6,6. Potential 
roadblocks to biological and electrochemical integration in a single reactor, including 
electrocatalyst deactivation due to biogenic impurities and low faradaic efficiency inherent to 
side reactions in complex media, have been studied and addressed. In this study, t3HDA was 
produced with 94% yield and 100% faradaic efficiency. With consideration of the high 
t3HDA yield and faradaic efficiency, a technoeconomic analysis was developed on the basis 
of the current yield and titer achieved for muconic acid, the figures of merit defined for 
industrial electrochemical processes, and the separation of the desired product from the 
medium. On the basis of this analysis, t3HDA could be produced for approximately $2.00 
kg
–1
. The low cost for t3HDA is a primary factor of the electrochemical route being able to 
cascade biological catalysis and electrocatalysis in one pot without separation of the muconic 
acid intermediate from the fermentation broth.  
5.1 Introduction 
 Pyrolysis, fermentation, and chemical catalysis offer industrial routes to convert 
biomass to biobased chemicals. Advances in metabolic engineering have provided new 
microorganisms that are able to transform carbohydrates into diols (e.g., propanediol) and 
diacids (itaconic, succinic, fumaric, and malic acids) with high yields and titers.
1, 2
 In parallel, 
new chemical catalysts have been developed to selectively convert glucose and lignin to 
platform chemicals through a broad range of liquid- and gas-phase reactions.
3, 4
  Recently, 
hybrid conversion technologies have been developed to streamline chemical and biochemical 
transformations and/or enable more complex transformations.
5-9
 Along these lines, cellulose 
was converted to ethanol and styrene through fast pyrolysis and subsequent fermentation of 
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the levoglucosan intermediate.
9-11
 Metabolically engineered yeast and bacteria also enabled 
the production of triacetic acid lactone,
12, 13
  which can be further converted to fuel additives, 
food flavoring agents, insecticides, and cosmetics using acidic and precious metal 
hydrogenation catalysts.
14
  However, one major challenge of these hybrid technologies is the 
integration of two distinct process steps and the attendant complexity that integration entails. 
For example, phenolic byproducts produced during cellulose pyrolysis were shown to pose a 
strong inhibition to microbial growth.
9
  In other instances, fermentation broths containing 
various biogenic impurities deactivated precious metal catalysts through reversible and/or 
irreversible poisoning.
7, 15, 16
 Extensive separation and purification are therefore required to 
remove these compounds before downstream chemical conversion. 
7, 15, 16
 Streamlining the 
biological and chemical conversions in an integrated process currently remains a major 
challenge that will most likely require new catalysts and processes. One approach, which we 
have recently reported, entails the use of electrochemistry to mitigate the extensive 
separations that would be required for the conversion of biologically produced intermediates 
such as muconic acid (MA).
17, 18
  
MA is a C6 unsaturated dicarboxylic acid produced by the fermentation of cellulosic 
sugars and lignin-derived aromatics. In addition to recent efforts led by industry, in particular 
by Deinove
19
 and Myriant,
20
 several academic research groups have reported producing MA 
with high yields and titers using metabolically engineered bacteria: e.g., Escherichia coli 
reached 59.2 gMA L
–1
 at a 30% (molMA/molGlucose) yield,
21
 and Pseudomonas putida achieved 
>15 gMA L
–1
 using the aromatic lignin monomer p-coumarate as a feedstock.
22
 Recently, we 
have also demonstrated a 4-fold increase in MA titer using metabolically engineered 
Saccharomyces cerevisiae yeast, a model yeast that provides considerable advantages over its 
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bacterial counterpart including resistance to bacteriophage contamination, impeller-induced 
shear stress, and low pH.
17
 These efforts have been motivated by MA’s potential as a 
platform molecule to produce a vast array of renewable monomers of industrial importance, 
including adipic acid, terephthalic acid, caprolactone, 1,6-hexanediol, and 1,6-
hexamethylenediamine.
18
 Building blocks derived from MA are central to the manufacture of 
Nylon-6,6, polyethylene terephthalate (PET), and other polyesters, polyamides, and 
polyurethanes with an estimated global annual market greater than 22 billion U.S. dollars.
20, 
23
  In addition to its potential conversion to large-scale commodity chemicals, MA is also an 
intermediate to trans-3-hexenedioic acid (t3HDA), a promising monomer for the production 
of bioadvantaged nylons (Figure 1) and poly(ester)ethers: the additional double bond 
compared to adipic acid enables the subsequent functionalization of the polyamide, thus 
creating nylons with tailored properties.
17, 24, 25
  
 
 
Figure 1. Potential commercial products derived from unsaturated polyamide 6,6 (UPA 6,6). 
The additional double bond (in green) in UPA 6,6 compared to Nylon 6,6 offers a site to 
incorporate new functional groups to synthesize advanced nylons with, for example, flame 
retardant, antistatic, and hydrophobic properties. 
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Currently, electrochemical hydrogenation (ECH) is the only means to produce 
t3HDA from MA with high selectivity and yields greater than 20%.
17, 18, 26, 27
 As a result of 
the limited number of industrial electrochemical units in operation relative to conventional 
catalytic reactors, the development of a large-scale electrochemical process for the 
manufacture of biobased chemicals may be a deterrent to commercialization.
28, 29
 Challenges 
associated with commercialization have been attributed to the lack of electrochemistry and 
electrochemical engineering education and the prohibitive cost for electrochemical 
synthesis.
29
  However, this is not a fundamental obstruction for the commercialization of new 
electrochemical technologies. If the advantages of an electrochemical process outweigh its 
conventional counterpart, it becomes competitive. One example of industrial electroorganic 
synthesis currently in operation is the Monsanto process for the hydrodimerization of 
acrylonitrile to adiponitrile, a precursor to the diamine used in the synthesis of Nylon-6,6.
28
 
This approach produced nearly 400 000 metric tons of adiponitrile in 2014, or ∼30% of the 
adiponitrile market; the process appears competitive with the conventional route starting 
from butadiene.
30
 
Here, we discuss the relevance of ECH for the downstream conversion of biologically 
produced intermediates. In an effort to scale-up the electrochemical synthesis of t3HDA and 
achieve economic viability, we detail nine important parameters outlined for organic 
electrosynthesis
28
 and consider them in the context of the industrial production of t3HDA 
from MA. These include the following: the availability and cost of starting material, product 
yield, type and quantity of byproducts, separations, maximum cell current, energy 
consumption, the interference of the counter electrode, the chemical and electrochemical 
stability of the reactants and products, and the stability and availability of the cell 
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components.
28
 Studying these parameters provides an outline for further scale-up as it will 
dictate the electrode potential, electrode material, electrolyte, temperature, pressure, and 
membrane or membraneless reactor design. We provide a technoeconomic analysis based on 
the results of the defined figures of merit, showing that the hydrogenation of MA to t3HDA 
is likely cost competitive with the production of adipic acid derived from petroleum. 
5.2 Materials and Methods 
5.2.1 Chemicals 
 Chemicals used in this study were purchased as follows: cis,cis-muconic acid (ccMA) 
(98%, Acros Organics); trans,trans-muconic acid (ttMA) (98%, Sigma-Aldrich); trans-3-
hexenedioic acid (>98%, TCI); yeast nitrogen base without amino acids and ammonium 
sulfate, ammonium sulfate, adenine hemisulfate (Fisher Scientific); Synthetic Complete 
dropout lacking histidine, leucine, and uracil (MP Biomedicals). cis-3-Hexenedioic acid 
(c3HDA) was synthesized following previously reported methods
31
 and used as a standard 
for quantification during electrochemical experiments (Figure S1). Specific details about 
c3HDA synthesis are found in the Supporting Information. 
5.2.2 Electrochemical Conversion of MA Model Solutions 
 The electrochemical conversion of MA was characterized by cyclic voltammetry 
(CV) and bulk electrolysis by means of chronoamperometry (CA) and chronopotentiometry 
(CP). These investigations were conducted with a Bio-Logic VSP-300 potentiostat (Bio-
Logic SAS, Claix, France) using a conventional three-electrode setup. Depending on 
experiments, either undivided or H-type glass cells were used as electrochemical reactors. 
For studies performed with model reaction media (e.g., MA in 0.1 M H2SO4 electrolyte), the 
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uncompensated solution resistance (Ru) measured by potentiostatic electrochemical 
impedance spectroscopy (PEIS) was compensated at 85% to obtain iR corrected potential on 
the working electrode. Compensation at 100% was not possible as it causes instability in 
potentiostat control.
32
 Rotating disk electrode (RDE) experiments were performed using Pb 
embedded in Teflon and Pt working electrodes connected to a Pine modulated speed rotator 
set at 1600 rpm (Pine Research Instrumentation, Durham, NC). A platinum coil (Pine 
Research Instrumentation) and Ag/AgCl electrode (Bio-Logic) served, respectively, as the 
counter and reference electrodes. The solutions were purged with argon for 30 min before 
each measurement. 
For bulk electrolysis, Pb (5N, ESPI metals), Fe, Ni, Sn, and Zn (The Science 
Company) electrode strips were used as working electrodes. Their corresponding surface 
areas are reported in Table S1. During the chronoamperometry experiments, samples of the 
reaction medium were taken at the specified reaction durations and analyzed using high 
pressure liquid chromatography (HPLC) and 
1
H nuclear magnetic resonance (NMR). 
Quantitative analysis was carried out by HPLC using a Waters Alliance system 
equipped with refractive index (RI) and photodiode array (PDA) detectors. Separation was 
achieved using a Bio-Rad Laboratories cation H
+
 column kept at 30 °C. The collected 
samples (0.2 mL) were diluted 5 times with DI water prior to injection and analysis. Dilute 
sulfuric acid (5 mM) was used as the mobile phase at a flow rate of 0.3 mL min
–1
. Reactants 
and products were quantified using the PDA detector set at a wavelength of 230 nm. 
Quantification of ccMA, ctMA, ttMA, t3HDA, c3HDA, and adipic acid was made possible 
through external calibration using solutions of well-known concentrations. 
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For 
1
H NMR analysis, the samples were dried at room temperature, reconstituted in 
deuterium oxide, and analyzed with a Bruker 600 MHz NMR spectrometer (AVIII600). 
5.2.3 Hybrid Microbial-Electrochemical Conversion 
 The strain Saccharomyces cerevisiae YSG50 (MATa; ade2-1; ade3 Δ22; ura3-1; 
his3-11,15; trp1-1; leu2-3,112; can1-100) was engineered with the three-gene heterologous 
pathway to produce ccMA from 3-dehydroshikimic acid (DHS) and three genes (aro4K229L, 
TKL1, and aro1D1409A) to increase the accumulation of aromatic precursors from glucose. The 
genes were cloned into episomal vectors to enable the production of MA from glucose (Table 
S2). The strain YSG50-MA was cultured in Synthetic Complete dropout media lacking 
histidine, leucine, and uracil (SC-HLU, 0.5% ammonium sulfate, 0.16% yeast nitrogen base 
without ammonium sulfate and amino acids) in 2% glucose for seed growth and 4% glucose 
for the hybrid microbial–electrochemical conversion experiments. Two sequential overnight 
cultures were prepared before inoculation of the 50 mL undivided hybrid conversion reactor. 
A single colony was inoculated into 3 mL of SC-HLU medium, and after saturation, it was 
transferred into a 250 mL baffled flask containing 25 mL of the same selective medium. Both 
seed cultures were incubated in a shaker incubator at 250 rpm and 30 °C. Finally, the 
appropriate volume from the latter seed was transferred to the hybrid conversion reactor to 
initiate the fermentation with an optical density at a wavelength of 600 nm (OD) of 0.2. The 
reactor was then placed in a water bath at 30 °C on top of a stirring plate to maintain aeration 
at 250 rpm. After 72–74 h fermentation, the electrodes were immersed in the broth, and a 
−1.5 V potential was applied to the working electrode to convert biologically produced 
ccMA to t3HDA. Samples (1 mL) were collected at 24, 48, 72, 72.5, 73, 73.5, 74, and 96 h 
and analyzed by 
1
H NMR with a dimethyl sulfoxide standard. 
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5.2.4 Cell Viability Assays 
 To assess the effect of metal leaching, cultures were grown in a 96-well plate in 
growth medium containing 2.5 vol/vol % of an aqueous metal concentrate. These solutions 
were prepared for each metal by placing the corresponding electrode in aqueous acetic acid at 
pH 3 (mimicking fermentation conditions) at the open circuit voltage for 5 min, followed by 
evaporation and reconstitution in water. The OD of the cultures was monitored using a 
Synergy 2 Multi-Mode plate reader (Winooski, VT); the exponential phase curves were used 
to calculate the specific growth rates. 
To assess the effect of the applied potential during hybrid conversion, 1 mL samples 
were taken before and after the electrochemical process. The samples were diluted in sterile 
water to a cell OD of 10
–4
 and plated on the selective media. The plates were incubated for 2 
days at 30 °C, and the colonies were manually counted. 
5.2.5 Separations 
  Following electrochemical processing, t3HDA was separated from the spent 
fermentation broth using carbon filtration and crystallization modified from a method we 
reported previously.
17
 In short, the pH of the cell-free broth was first brought from 3 to 8.5 
with 10 M NH4OH to increase the solubility of HDA. The basic solution was then 
concentrated by vacuum evaporation and filtered over a 15 mm deep Norit CN1 activated 
carbon bed (preconditioned with 10 mM NH4OH) to remove soluble impurities including 
color bodies, cell lysis products, proteins, and amino acids. The obtained filtrate was brought 
to pH 1.5 using 18.4 M sulfuric acid and crystallized at 4 °C overnight. t3HDA crystals were 
recovered by vacuum filtration with a Whatman 50 filter, washed with 4 °C 10 mM sulfuric 
acid, and placed in a desiccator to dryness. The purity of the recovered t3HDA was 
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calculated on the basis of its 
1
H NMR spectrum. Trace elements in the sample were 
quantified by inductively coupled plasma optical emission spectroscopy (ICP-OES) using a 
Perkin-Elmer Optima 8000 instrument. 
5.2.6 Technoeconomic Analysis 
 A technoeconomic analysis (TEA) was developed on the basis of estimated yields at 
each process stage (fermentation, electrochemical conversion, and separations), literature 
values, and personal communications with electrochemical companies. While multiple 
design parameters are defined, the process development is still in the early stages. As 
opposed to SuperPro Designer (Intelligen, Inc., Scotch Plains, NJ), an early stage TEA 
(ESTEA) was chosen to estimate the cost of producing chemicals from sugar.
33, 34
 ESTEA is 
a Microsoft Excel-based technoeconomic model for economic analysis at the early stages of 
process development when many parametric values are only known at a relatively low degree 
of certainty. For example, SuperPro Designer requires approximately eight inputs per unit 
operation, some of which are often not known and require estimation during early stage 
analysis. In contrast, the ESTEA model only requires three, typically known, parameters.
34
 
To compensate for the simplified, lumped-parameter approach of ESTEA, we use a Lang 
Factor that translates the capital cost for a specified unit operation into a total capital cost for 
that function. We selected a Lang Factor of 5, per Dysert.
35
 The prior version of ESTEA had 
not included the ability to cost-estimate electrocatalysis. Therefore, in this model, we added 
in the capability to estimate costs for electrocatalysis based on a personal quote for the 
purchase of a two-electrode undivided reactor with a Pb cathode and a platinized TiO2 
anode.
29, 36
 Additional details can be found in the Supporting Information. To provide 
economic context, we searched online vendors for the prices of t3HDA and closely related 
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compounds. We were unable to find large-scale pricing on t3HDA besides Sigma ($14.10 g
–
1
). While the values pricing the bulk production of t3DHA are unknown, adipic acid, a 
closely related compound with current market values in the range $1.60–1.70 kg–1,26, 37  was 
used as a reference point. 
5.3 Results and Discussion 
5.3.1 Integration of Microbial and Electrochemical Conversions 
 Biocatalysis represents an attractive approach for producing complex platform 
chemicals that can be subsequently upgraded and diversified using chemical catalysts. 
Combining fermentation and conventional heterogeneous catalysts generates, however, new 
challenges that need to be addressed before scale-up and commercialization of these hybrid 
processes.
7, 15
  In particular, fermentation media are complex mixtures containing a wide 
range of nutrients, including salts, vitamins, amino acids, and trace elements, required for 
microbial growth and the production of the target chemical. During fermentation, various 
biogenic impurities are also produced because of microbial activity and cell lysis. Many of 
these nitrogen- and sulfur-containing proteins, amino acids, and metabolites are problematic 
for conversion processes as they poison precious metal catalysts (Pd, Pt, Rh, Ru) through 
reversible and irreversible binding. These undesired effects are observed at low 
concentration. For example, Ru/C used to hydrogenate biologically produced lactic acid to 
propylene glycol was irreversibly poisoned by cysteine and methionine, two common amino 
acids, at levels of 100–150 ppm.38 Therefore, extensive separation and purification of the 
platform intermediate is usually required before further upgrading, which significantly 
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increases the cost of the target chemical. Indeed, complex separations can contribute up to 
60% of the overall cost for sugar-derived fermentations.
39
 
We have recently demonstrated that electrocatalysis provides unique opportunities to 
streamline microbial fermentation and downstream catalytic upgrading.
17
 Common 
electrocatalysts include late and post-transition metals that are significantly less susceptible 
to deactivation than conventional transition metal catalysts.
18
 As a result, it was possible to 
electrochemically hydrogenate MA directly in the fermentation broth, in the presence of all 
biogenic impurities. The studied sequential process, which involved MA production from 
glucose using an engineered strain of S. cerevisiae with the highest titer in yeast (559.5 mg 
L
–1
) followed by ECH of the acidified broth (pH 2.0), resulted in 98% selectivity to t3HDA 
at 96% MA conversion.
17
 The ECH step was repeated 5 times without any noticeable 
alteration of the catalytic activity. In addition, it is worth noting that the electrochemical step 
was performed under ambient conditions and that hydrogen was produced in situ directly 
from the broth. 
To identify other potential catalysts able to convert MA directly in the fermentation 
medium, decrease space-time, and reduce the number of processing steps during the 
conversion of glucose to t3HDA, cascade catalysis was attempted in the present study. 
Cascade catalysis entails combining various chemical conversion steps in one pot without the 
isolation of the intermediates.
8
 Five metals were selected on the basis of their relevance in 
industrial electrochemical processes.
28
 For these studies, batch fermentation using the 
engineered strain S. cerevisiae YSG50-MA proceeded for a total reaction time of 96 h. The 
relatively low pH of the broth triggered the spontaneous transformation of biologically 
produced cis,cis-muconic acid (ccMA) to its corresponding cis,trans isomer (ctMA), in good 
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agreement with previous observations.
18, 23, 40
 The reference, working, and counter electrodes 
were immersed in the broth after 72 h of fermentation, and a potential of −1.5 V versus 
Ag/AgCl was applied to the working electrode for 2 h to electrochemically hydrogenate 
ctMA to t3HDA. As shown in Figure 2, ctMA derived from the fermentation broth was 
converted to t3HDA on Fe, Sn, Pb, and Zn working electrodes. 
 
 
Figure 2. Concentrations of ctMA ( ) and t3HDA ( ) during the simultaneous fermentation 
and ECH using (a) Fe, (b) Ni, (c) Pd, (d) Sn, (c) Zn electrodes, and (f) in the absence of an 
electrocatalyst. The displayed results correspond to averaged duplicates. The error bars 
reveal variations in ctMA titer due to changes in stirring rate with reactor location on the 
multiple positions stirring hot plate. Fermentation proceeded for 96 h and the electrochemical 
hydrogenation took place between 72 and 74 h.  
 
Ni displayed no conversion likely due to the strong adsorption of biogenic impurities 
containing nitrogen and sulfur.
38, 41
 Similarly, Sn and Fe displayed minimal conversion due to 
the competitive hydrogen evolution reaction (HER) and poisoning from biogenic impurities 
in the solution. The platinum counter electrode, although a precious metal, did not show any 
sign of poisoning under these reaction conditions. Interestingly, besides ctMA and t3HDA 
(a) (b) (c) 
(d) (e) (f) 
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observed by 
1
H NMR under these conditions, no significant change occurred to the other 
species present in the fermentation broth (Figure 3). After 2 h of electrochemical conversion, 
ctMA continued to increase, suggesting the applied potential under these specific conditions 
did not significantly impact cell viability. 
 
 
Figure 3. 
1
H NMR (600 MHz, D2O) spectra of the fermentation broth samples collected 
before (orange) and after (blue) the electrochemical hydrogenation. During the 2 h reaction, 
the signals for t3HDA increase while ctMA decreases as a result of its hydrogenation. The 
extraneous signals do not change.  
  
For the determination of the influence of applied potential on the engineered microbe, 
yeast cells were sampled before and after the electrochemical conversion, cultured on Petri 
dishes, and counted. This study did not reveal any correlation between the metal used and the 
change in viable cell count (Figure 4a). It appears that the cell count was not influenced by 
the charge (electric current) transferred through the solution during ECH either (Figure 4a). 
However, additional optical density (OD) measurements suggested that cell growth was 
discouraged due to metal ions leaching into the solution before a cathodic potential was 
applied. The Pourbaix diagrams of the various metals tested in this work confirmed that that 
1 
2 
3 4 
5 
6 
1 
2 
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(e) 
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the corresponding dicationic metal ions are the thermodynamically favored species under 
open circuit voltage.
42
  In the absence of an applied cathodic potential, the studied metals 
underwent a redox reaction with protons in solution (corrosion), and M
2+
 ions were leached 
from the working electrode into the broth. Leaching can be minimized by applying the 
desired potential within seconds after the working electrode is immersed in the solution. 
Therefore, leaching would most likely not affect the long-term stability of the reactor.
 
Figure 4. Effect of ECH on cell count (a). Significant changes were not observed for the 
studied metals (bars) and charges transferred during the 2 h reaction (scatter). Metal ions 
leached in the absence of an applied cathodic potential did impact the specific cell growth 
rate (b). 
 
The effect of metal ions on cell growth was further investigated using model 
solutions. Specifically, the metal electrodes were placed in a solution at pH 3, similar to the 
acidity of the studied broth, and the corresponding corrosion reaction was allowed to proceed 
for 5 min. The obtained solutions were evaporated, reconstituted in water, and used to spike 
the yeast growth media with metal ions. OD measurements revealed that the specific cell 
growth rate decreased in all cases when 5 μL of the metal ion solution was added to 200 μL 
of growth medium (Figure 4b). Lead showed the least detrimental effect with a reduction of 
only ∼15% of specific growth rate relative to the control experiment. In contrast, zinc caused 
(a) (b) 
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the most significant drop in specific growth rate with a 45% reduction. Additional 
experiments to accurately determine the metal corrosion rates in fermentation broths and the 
levels at which the metal ions become toxic to the yeast cells were not performed as these 
studies would clearly be beyond the scope of the present work. Yet, our results suggest lead 
is the most promising metal for integration of the microbial and electrochemical conversions 
in a single reactor and ECH can be performed in a cascade fashion without separation of the 
ctMA intermediate. 
5.3.2 Electrochemical Studies and Considerations for Scale-Up 
In addition to investigating the compatibility of the microbial and electrochemical 
conversions as a prerequirement for future integration in a simultaneous cascade process, it is 
also important to gain further insights into the electrochemical reaction to optimize it. 
Experiments performed on model solutions provide an understanding of how reaction rates, 
selectivities, and faradaic efficiencies are impacted by the applied potential and 
electrochemical reactor design (e.g., cell geometry). This part of the work is critical for the 
subsequent technoeconomic analysis and for the determination if ECH is technically feasible 
and economically viable at an industrial scale. 
Cyclic voltammetry was performed to determine the onset potential for ctMA 
hydrogenation and gain insights into competing reactions. Similar to previous studies, Pb was 
chosen as the catalyst because of its large hydrogen overpotential and ability to convert ctMA 
directly in the fermentation medium with minimal cell death. As shown in Figure 5a, Pb is 
able to convert ctMA at a cathodic potential of −0.6 V versus Ag/AgCl, about 0.3 V above 
the cathodic potential required for proton reduction on Pb. Increasing the concentration of the 
reactant only yielded higher current (Figure 5a). Additional measurements performed with 
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aqueous solutions of t3HDA demonstrated that the ctMA hydrogenation product is stable and 
does not adsorb onto the catalyst surface; the polarization curves for the blank electrolyte and 
product were found to be similar even at a high t3HDA concentration (Figure 5b). Protons in 
the solution are the only other electroactive species within the potential window. 
 
 
 
Figure 5. Cyclic voltammograms for the 0.1 M H2SO4 with and without ctMA using a Pb 
RDE at 50 mV s
-1
 (a) and 0.1 M H2SO4 with and without t3HDA (b). ctMA displays a 
reduction peak at -0.6 V while t3HDA does not display any electron transfer. 
 
  Bulk electrolysis offered further useful information for electrochemical cell design. 
While the ECH has been studied so far at low ctMA concentration (<1 g L
–1
), it is important 
for future process scale-up to also examine the reaction using concentrated feed stream in 
multiple cell configurations. An undivided cell and H-cell delineated the differences between 
cell configurations and the corresponding influence on selectivity and faradaic efficiency. 
With application of a potential of −0.8 V to a 5 g L–1 solution of ctMA in 0.1 M H2SO4 
electrolyte using a 5 cm
2
 Pb electrode strip, 92% MA conversion and 90% selectivity to 
t3HDA were achieved in an unpurged and undivided cell (Figure 6a). Interestingly, t3HDA 
was consumed to a minor extent over the course of the reaction. Product degradation in the 
(a) (b) 
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undivided cell likely occurred on the counter electrode or in the solution as the cathodic 
polarization curves recorded for t3HDA solutions suggest no additional electron transfer 
(Figure 5b); i.e., t3HDA does not further react at the cathode. The loss in t3HDA selectivity 
was further investigated by cyclic voltammetry using a Pt rotating disk electrode (RDE) to 
represent the counter electrode during the reaction. As shown in the corresponding 
polarization curves, an oxidation peak is observed at 0.7 V versus Ag/AgCl (Figure 7a). In 
addition, bulk electrolysis using the Pt coil working electrode using 5 g L
–1
 t3HDA at the 
highest required current demand during the electrochemical conversion in Figure 6a (70 mA) 
did not show any significant differences in the 
1
H NMR spectra before and after the 
chronopotentiometric experiment of t3HDA (Figure 7b). This suggests that ctMA or 
intermediates during the conversion to t3HDA react with other compounds to cause the 
decrease in selectivity observed in Figure 6a. However, further study of potential t3HDA 
oxidation will require additional bulk electrolysis experiments, which will determine if a 
membrane or separator needs to be added to the electrochemical cell. 
 
 
Figure 6. Electrochemical hydrogenation of 5 g L
-1
 ctMA in 0.1 M H2SO4 in an (a) 
undivided cell and (b) H-cell. Significant differences in product selectivities are observed 
depending on cell configurations.  
(a) (b) 
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Figure 7. Cyclic voltammograms using a Pt RDE at 50 mV s
-1
 of an electrolyte containing 
0.1 M H2SO4 and a solution containing 35.18 mM t3HDA in 0.1 M H2SO4. A new oxidation 
peak is observed at 0.7 V in the presence of t3HDA (a). 
1
H NMR (600 MHz, D2O) spectra 
collected before and after a 4 h chronopotentiometric experiment of 35.18 mM solution of 
t3HDA in a 0.1 M H2SO4 solution using a Pt coil working electrode at 70 mA (b). 70 mA 
corresponds to the largest demand the counter electrode is required to provide. Before 
reaction: blue; after 4 h reaction: orange. Minor traces of adipic acid (4H 2.38ppm, 4H 
1.59ppm) and extraneous compounds are observed after 4 h, however, these are likely too 
small to be representative of the degradation observed in Figure 6 as proton integration 
correspond to a 111:1 difference in concentration between t3HDA and adipic acid. 
 
 The effect of cell configuration on conversion, selectivity, and faradaic efficiency was 
further studied by performing the electrochemical reaction in an H-cell. With this shift, more 
capital is required to set up and maintain the membrane or fine frit used to separate the two 
cell compartments.
28
  After a 4 h electrochemical conversion with Pb using an H-cell, a 
significant quantity of cis-3-hexenedioic acid (c3HDA) was produced compared to t3HDA 
while product degradation was kept to a minimum (Figure 6b). c3HDA was likely formed as 
a result of the changes in pH in each cell. Considering that the pH would be higher in the 
cathode compartment of the H-cell, we could favor the kinetic product over the 
thermodynamic product.
18
  Although the tunable reaction conditions are interesting, polymer 
(a) (b) 
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synthesis typically requires pure isomers and not a mixture of cis and trans molecules for 
synthesis. For this reason, we decided to continue utilizing the undivided cell to interrogate 
the industrial feasibility of the ECH reaction. 
 In addition to high product yields, it is important to consider the energy consumption 
of the process. For the conversion of 1 mol ctMA (142 g mol
–1
) at 100% faradaic efficiency, 
192 970 C are required. Currently, the relatively low ctMA concentration, although being 
representative for direct conversion of MA in the yeast fermentation broth (559 mg L
–1
), 
limits the faradaic efficiency of the electrochemical hydrogenation due to the large 
concentration difference between protons and the organic reactant.
18, 43
 Hence, hydrogen 
recombination to form H2 gas through the hydrogen evolution reaction (HER) is difficult to 
prevent. Increasing the concentration of ctMA to a level close to its solubility limit (5 g L
–1
 
under acidic conditions) allowed the hydrogenation in 0.1 M H2SO4 to achieve a 90% 
faradaic efficiency below 10% conversion utilizing both an undivided cell and H-cell (Figure 
8a). Although not common for industrial electrocatalytic processes, the electrolyte was also 
purged with Ar for 30 min before and during the reaction duration to examine the effects of 
dissolved gases in the reaction medium, particularly oxygen.
28
 By purging the cell with Ar 
before and during the reaction, a faradaic efficiency of ∼100% was achieved showing that 
dissolved gases in model solution were the only other electroactive species (Figure 8a). 
Although this did not prevent product degradation completely, the lower amount of current 
the counter electrode is required to provide decreased the amount of t3HDA consumed 
(Figure 8b). 
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Figure 8. Faradaic efficiencies achieved using an undivided cell (with and without Ar 
purge), H-cell (without Ar purge), and undivided cell with spent fermentation broth (a); 
electrochemical conversion of ctMA in an undivided cell purged with Ar before and during 
the reaction (b). 
 
 With an increase in the complexity from the studies with the model solutions, 5 g L
–1
 
of ctMA was hydrogenated directly in a spent fermentation broth with an added 0.1 M H2SO4 
electrolyte purged with Ar for 30 min before and during the reaction. As shown in Figure 9, 
ctMA was hydrogenated at a similar rate to that for the model solutions. In addition, the 
increase in t3HDA selectivity over the course for the reaction suggests that the impurities 
present in the fermentation broth actually prevent the degradation of the product t3HDA, in 
good agreement with previous observations.
17
 Interestingly, the faradaic efficiency for the 
electrochemical conversion directly in the spent media was still ∼100%. This, again, 
suggests that the only substantial electroactive species in the spent media under the applied 
potentials at the working electrode is ctMA and not any other extraneous compound present 
in the spent fermentation broth. It should also be noted that t3HDA’s solubility limit under 
acidic conditions (∼11 g L–1) prevents its precipitation over the course of the reaction. 
 
(a) (b) 
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Figure 9. Bulk electrolysis of 5 g L
–1
 solution of ctMA in 0.1 M H2SO4 electrolyte purged 
with Ar using a Pb working electrode. No loss in selectivity of t3HDA was observed during 
the reaction. 
 
 In addition to the faradaic efficiency, product and reactant stabilities, and the 
cost/availability of feedstocks, the cell current density is another important factor to be 
considered for scale-up. For example, the current density of the Monsanto process has been 
reported to be 0.2 A cm
–2
, limiting the rate of adiponitrile production to 0.01 mol m
–2
 s
–1
 at a 
100% faradaic efficiency. With consideration of the capital costs for an electrochemical flow 
cell being around 10 000 to 20 000 USD per m2,36 the production rate could be limited by the 
ability to purchase enough surface area for the reaction to take place on. The average current 
density for the conversion of ctMA on the previous experiments was only 0.004 mA cm
–2
, 
which is primarily due to the relatively low solubility of ctMA at room temperature in acidic 
media. To increase the current density while maintaining the ability to perform cascade 
catalysis, more reactant could be solubilized using a cosolvent such as ethanol, the reaction 
mixture could be heated, or the applied cathodic voltage would need to increase. However, 
each of these methods have trade-offs due to cosolvent costs, the need for process heat, and 
an increase in voltages that reduce the faradaic efficiency. To simplify the technoeconomic 
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analysis and stay within the limits of our potentiostat, the use of cosolvent, process heat, and 
higher applied cathodic voltages were not considered. Additionally, the technoeconomic 
analysis (vide infra) showed that major improvements in the electrochemical process would 
not significantly influence the overall cost of t3HDA relative to the upstream expenditures. 
5.4 Separations 
 Separation of t3HDA from the spent fermentation broth was achieved utilizing carbon 
filtration and crystallization at low pH.
17
  In this work, ammonium hydroxide was used to 
solubilize t3HDA after the electrochemical conversion rather than sodium hydroxide due to 
the higher solubility limit of the sulfate salt (42.9 mass% vs 16.13 mass% at 20 °C).
44
 The 
higher solubility of ammonium sulfate allows for the additional evaporation of solvent from 
the post carbon filtration solution prior to lowering the pH with sulfuric acid. The smaller 
volume during batch crystallization lessens the loss of t3HDA to the mother liquor which in 
turn increases the yield of t3HDA in crystalline form. 
1
H NMR analysis showed that the 
collected t3HDA was pure at 98%. Further elemental analysis by ICP-OES revealed that 
trace elements derived from the fermentation broth Ca and Mg represent less than 0.4 wt % 
of the purified t3HDA sample, while K and Na accounted for only 0.03 wt % (Table S3). 
Other metals potentially derived from the ECH or fermentation media (Cu, Fe, Pb, Pt, and 
Zn) were below detection limits. Although inorganic impurities were present in the sample, 
they did not inhibit the polymerization process, as demonstrated previously.
17
  
5.5 Technoeconomic Analysis 
 For development of the early stage TEA, a process flow diagram was developed 
(Figure 10). In this process, feedstock is fermented to produce MA, which is then subjected 
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to an electrochemical conversion to produce t3HDA after the removal of cell mass. The 
location of the centrifugation step to remove cell mass could occur before or after the 
electrochemical conversion. No additional separations of other biogenic impurities are 
required as the Pb electrode is stable in the presence of all impurities present in the spent 
fermentation media, including cells and cell lysis products. After the electrochemical 
conversion, t3HDA is separated from the spent fermentation broth though adsorption and 
crystallization processes. 
 
 
Figure 10. Anticipated overall process flow diagram to produce t3HDA from sugar, based 
upon lab-scale efforts. Propagation tanks, wastewater treatment, and other ancillary functions 
are not shown but are accounted for in the TEA. 
 
 To scale the process to its industrial size, key economic and sizing parameters based 
on other commercialized biobased processes as shown in Table 1 were selected. The process 
input parameters, classified through unit operations, are provided in Table 2. The plant size 
was chosen as 3% of the approximate annual adipic acid market size, or 83 kTons year
–1
, and 
reflects other biobased fermentation processes that are coming online.
30, 45, 46
 Feedstock was 
assumed from USDA’s historical raw sugar pricing data at $0.30 kg–1. Productivity, titer, and 
yield for the fermentation correspond to the values obtained for metabolically engineered E. 
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coli, a microbe that received significantly more attention than S. cerevisiae.
21
 Preliminary 
experiments indicated that both biocatalysts are equally compatible with the subsequent 
electrochemical hydrogenation. The total installation costs for all the equipment were 
calculated using a Lang factor of 5. This total capital charge was then amortized at 10% for 
10 years. Taxes, depreciation, and salvage values were ignored in this analysis. The plant was 
assumed to operate for 330 days annually. 
 
Table 1. ESTEA: Economic and plant sizing parameters for conducting TEA 
Parameter Value Reference 
Plant size (kT year
-1
) 83 
47
 
Feedstock ($ kg
-1
) $0.30 
48
 
Operating days (days year
-1
) 330 
49
 
Internal Rate of Return (IRR) (year
-1
) 10% 
50
 
Lang Factor  5 
35
 
 
 
Table 2. ESTEA input process parameters for conducting TEA 
Parameter Value Reference 
Fermentation 
Productivity (g L
-1
 h
-1
) 1.1 
21
 
Titer (g L
-1
) 59 
21
 
Yield (g g
-1
) 23% 
21
 
Electrochemical Conversion 
Solubility 5 g L
-1 
 
Selectivity 96%  
Conversion 98%  
Separations-Adsorption   
Freundlich Coefficient 10  
Freundlich Exponent 0.80  
Yield 98%  
Purification-Crystallization   
Purity 98%  
Yield 98%  
Separating Agent H2SO4  
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 The results of TEA are shown in Figure 11. ESTEA estimated the cost of producing 
t3HDA at $2.13 kg
–1
. As shown in Figure 11a, the distribution of costs is typical of large, 
mature bioprocesses, with feedstock comprising more than half of the total production cost. 
Fermentation is the dominant unit operation cost, followed by purification (adsorption and 
crystallization) (Figure 11b). The estimated electricity costs, based on experimental data, are 
$1.26 M annually, a large number until it is contextualized on a unit product mass basis, 
yielding under $0.02/kg. The total costs associated with the electrochemical conversion 
operation including capital, labor, and operations (electricity, electrodes) are low, a mere 5% 
of nonfeedstock costs, and less than 4% of the total overall cost, due to the relatively 
inexpensive electrodes and high yields associated with the particular electrochemical 
conversion. While the electrochemical conversion process accounted for a minimal amount 
of the entire process, the ability to cascade reaction steps caused an approximately 8% 
decrease in the estimated cost of separations prior to the electrochemical conversion.
51
 
 
Figure 11. Distribution of the $2.13 kg
–1
 MSP between the major cost categories of 
feedstock, capital, labor, energy, utilities, and other expenses; feedstock is dominant (a). 
Distribution of the nonfeedstock cost components (capital, labor, energy, and utilities) 
between the unit operations for the process (b). 
 
(a) (b) 
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Figure 12. Distribution of the $0.98 kg
–1
 MSP, an optimistic scenario, between the major 
cost categories of feedstock, capital, labor, energy, utilities, and other expenses; feedstock is 
dominant (a). Distribution of the nonfeedstock cost components (capital, labor, energy, and 
utilities) between the unit operations for the process (b).  
 
The relatively high feedstock cost makes stage yields critical. For example, the sensitivity 
coefficient of MSP to fermentation yield is 1.0, that is, a 1% change in fermentation yield 
(gMA/gglucose) causes a 1% change in MSP. If the fermentation yield is raised to the theoretical 
limit of 79% gMA/gglucose (which assumes glucose is stoichiometrically converted to MA), the 
estimated MSP decreases to $0.98 kg
–1
 (Figure 12), which is competitive with the market 
price for benzene-derived adipic acid. Additionally, if the feedstock is changed to a lower 
value chemical, such as lignin,
22
 the process economics will improve considerably. 
Considering recent advances in developing metabolic routes to MA with increased titers and 
yields and using other feedstocks, the large portions of the processing costs will greatly 
decrease. As a result, future prospects for MA use are promising.
23, 52, 53
  
Considerations for t3HDA Adoption 
 The adoption of a new molecule by the chemical industry is primarily driven by end 
user demand, market size, and production costs. However, in the case of direct replacement 
(a) (b) 
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chemicals, their implementation can be significantly hampered due to risks associated with 
the volatility in oil prices, changes in existing processes to accommodate the new compound, 
and the absence of information on the toxicity of the new chemical. As a result, time scales 
on the order of 5–10 years are common for the introduction of a new chemical to the 
marketplace. t3HDA presents here several advantages over other biobased products that are 
detailed below. 
Cost 
 Our technoeconomic analysis indicates that t3HDA can be produced at a reasonable 
cost of approximately $2.00 kg
–1
 as a result of the streamlined process combining 
fermentation and electrochemical hydrogenation. As already discussed in the previous 
section, this MSP is comparable to adipic acid. 
Market 
 When blended with adipic acid, t3HDA enables the synthesis of bioadvantaged 
nylons, i.e., polyamides in which new functionalities are introduced by cross-linking or 
functionalization of t3HDA’s carbon–carbon double bond. Therefore, t3HDA does not 
replace but instead complements adipic acid for nylon production. We have also shown that 
t3HDA can be blended with adipic acid in any ratio ranging from 1% to 99%, thus allowing 
an accurate control of the degree of unsaturation in the obtained polyamide. 
Implementation 
 The same procedure was used to synthesize Nylon-6,6 (with 100% adipic acid) and 
unsaturated polyamide 6,6 (with 100% t3HDA), thus demonstrating that t3HDA can be 
implemented in existing processes for Nylon-6,6 production. 
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Toxicity 
 The toxicity of t3HDA has already been evaluated. The U.S. Environmental 
Protection Agency has approved its utilization (t3HDA is listed in the Toxic Substances 
Control Act, TSCA, Chemical Substance Inventory), and regulatory information is available. 
Chemistry 
 Unsaturated diacids, in particular, maleic and fumaric acids, are used in industry for 
the production of unsaturated polyester resins.
54
 Techniques for cross-linking and 
derivatization of these polymers using the unsaturation have been developed and can be 
extended to t3HDA. 
5.6 Conclusions 
 Although a combination of biological and chemical conversions expands the range of 
biobased chemicals accessible from glucose, the integration of fermentation and 
heterogeneous catalysis in a single hybrid process generates significant challenges due to the 
differences in operating conditions and the rapid poisoning of common transition metal 
catalysts by the nitrogen- and sulfur-containing biogenic impurities present in the broth. 
Here, we demonstrated the potential of electrochemistry for the hydrogenation of MA, a 
biologically produced unsaturated C6 diacid. The MA-containing broth was 
electrochemically processed under ambient conditions to selectively produce t3HDA, a 
bioadvantaged monomer. Nine parameters critical to the electroorganic synthesis step have 
been studied, and the corresponding results were integrated in an early stage technoeconomic 
analysis. The best results were obtained when the fermentation broth was degassed to remove 
dissolved oxygen and processed in a single-compartment electrochemical reactor using Pb as 
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a working electrode. A TEA revealed that, under these conditions, t3HDA could be produced 
at approximately $2.00 kg
–1
. Using a cheaper feedstock or engineering of the metabolic 
pathway to achieve higher MA yields and titers from glucose would further decrease the cost 
of t3HDA to just below $1.00, making biobased t3HDA cheaper than petroleum-based adipic 
acid. 
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5.9 Supporting Information 
Cis-3-hexenedioic acid synthesis 
 To the solution of cis-3-hexenedialdehyde (1.60 g, 14.3 mmol) in acetone (30 mL) in 
an ice water bath was added 2.5 mL of 8 M Jones reagent in 25 mL of acetone over a period 
of 1 h, keeping the bath temperature between 0 °C and 10 °C. After stirring an additional 
hour, several drops of i-PrOH were added to destroy the excess oxidant. Water was then 
added and the acetone was then removed via rotary evaporation. The aqueous solution was 
extracted three times with EtOAc, the organic phase was extracted back with basic water (pH 
8 ~ pH 9) and the latter aqueous phase was acidified with concentrated HCl to pH 1. This 
solution was extracted three times with EtOAc, dried over MgSO4, filtered and evaporated to 
get the crude diacid. Recrystallization failed to provide pure product. Therefore, charcoal was 
used to decolorize the crude product and further purification by column chromatography 
(silica gel, EtOAc) afforded the diacid as a white solid in 58% yield. 
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Calculations 
 Conversion, selectivity, and faradaic efficiencies are calculated as follows. I is the 
current transferred, t is the reaction time, V is the volume of the electrolyte, and F is 
Faraday’s constant. Cis,trans-muconic acid (ctMA), trans,trans-muconic acid (ttMA), trans-
3-hexenedioic acid (t3HDA), cis-3-hexenedioic acid (c3HDA). The initial ttMA 
concentration [ttMA]0 was typically <7 μM. 
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Technoeconomic analysis with ESTEA 
As its name implies, the ESTEA model is a spreadsheet-based static model that provides 
Class 4 level estimates of cost with Class 5 investments.
35
 Costs were calculated as follows: 
- Beginning with the overall plant productivity, stage yields are used to determine total 
feedstock demand, which is then multiplied by feedstock price to obtain total annual 
feedstock cost. 
- Fermentation cost is estimated using overall product flow which is computed by plant 
size, combined with volumetric productivity. Batch fermentation is assumed, with 
five 3800 m
3
 fermenters supported by 10 seed fermentation vessels.
55
 Fermenter cost 
per unit volume is based on Humbird et al., 2011.
55 
We assumed the steam 
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requirements to be 10% (kgsteam/kgmedia). Nutrients are supplied in the form of corn 
steep liquor added at a rate of 1% (w/w). 
- ESTEA assumes centrifugation immediately after fermentation. Centrifuge sizing is 
done on an energy per unit volume basis per Peters et al., 2003.
56
 For this model, a 
centrifuge size of 400 kW is estimated, with a based cost of $140k. 
- Electrochemical sizing calculations are based upon consultation with an external 
vendor. We received a quote for a reactor from a vendor, who based the quote on the 
flow data we provided. This quote was then used for the capital cost. Electrical 
demand was determined based on the experiments performed in the laboratory. 
Electrode recovery was set to 99%, though we did not lose much material 
experimentally. The 1% loss does not impact overall cost as catalyst price is 
negligible compared to overall costs. Unit throughput and other electrochemical 
considerations were not considered at this early stage of process development.  
- Adsorption is sized using experimentally-determined Freundlich adsorption 
parameters (coefficient and exponent). The column size is then determined based on 
the flow, which yields 628 m
3
, and an estimated capital cost of $110k.
56
 Adsorbent 
costs are estimated using an activated carbon price of $1.00 kg
-1
 and an adsorbent life 
of 0.5 year. 
- We assume an external forced circulation crystallizer, due to its advantage of 
continuous operation and high production rate. Sizing and costing is per Walas 
(1990).
57
 A single crystallizer, producing 10,000 kg hr
-1
 of final product was scaled 
and the chosen equipment was well suited to handle that quantity (max. crystallizer 
size was – 50,000 kg hr-1) according to Walas, 1990. Dryer requirements to separate 
and purify the crystallized samples were configured based on Perry’s Chemical 
Engineering Handbook – sections: Liquid-Solid Systems, Solids Drying and Gas-Solid 
Systems (Genskow, 2008). The dryers are scaled to produce 400 kg product/hr at an 
estimated capital cost of $160k.
58
  
- With all the major unit operations sized and costed, we use the Lang factor to 
compute installed cost. This total installed cost is used as the baseline capital cost for 
the project, and is subsequently converted into an annual cost via amortization at 10% 
annual interest rate for 10 years. No taxes, depreciation, or salvage costs are included 
in this analysis. 
- Labor costs are computed for each unit operation, based workers per unit operation 
per shift.
56, 59
 Maintenance and repair are computed as 5% of baseline capital cost, 
Operating supplies at 3% of baseline capital cost, patents and royalties at 2% of 
baseline capital cost, general expenses and plant overhead cost are included at 10% of 
total annual costs. 
 
The corresponding breakdown of the costs is presented in Table S4. 
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Figure S1. 
1
H NMR spectra, 600 MHz, D2O, of cis-3-hexenedioic acid (c3HDA). Compared 
to trans-3-hexenedioic acid, the signals for c3HDA are slightly downfield. 
 
 
 
 
 
 
 
Table S1. Geometric dimensions of the metal electrodes. Rotating disk electrodes (RDE) 
purchased from pine are 5 mm in diameter. 
Metal 
Length 
(mm) 
Width 
(mm) 
Thickness 
(mm) 
Area 
(cm
2
) 
Pb 22.0 12.7 0.3 5.7 
Pb RDE - - - 0.196 
Pt RDE - - - 0.196 
 
 
 
1 
2 
1 
2 
2 
1 
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Table S2. Plasmids used in this work to engineer strain YSG50 for production of MA from 
glucose through the shikimic acid pathway. See reference [
17
] for a full description of the 
plasmid assembly. 
Plasmid Gene cassettes Description 
pRS425- Sc MA 
PYKp-PaAroZ -ADH2t 
Plasmid containing the 3-gene heterologous 
pathway for MA production from 
dehydroshikimic acid (DHS). 
GPDp-HQD2-PYK1t 
TEF1p-KpAroY-HXT7t 
pRS413 aro4K229L-
tkl1 
TPI1p-aro4K229L-
TDH1t 
Plasmid harboring a tyrosine insensitive 
aro4 to avoid feedback inhibition. Also 
contains the transketolase 1 gene to 
increase the pool of erythrose-4-phosphate. ADH1p-TKL1-ADH1t 
pRS426 aro1D1409A GPDp-aro1D1409A-
PYK1t 
Plasmid harboring the mutant aro1 gene to 
halt the conversion of DHS to shikimic 
acid. 
 
 
 
 
Table S3. Concentrations of trace metal impurities determined by ICP-OES for the recovered 
t3HDA product.  
Element Concentration (ppb) 
Concentration in the 
sample (wt.%) 
Calcium (Ca) 130 0.3 
Copper (Cu) below detection limit - 
Iron (Fe) below detection limit - 
Potassium (K) 10 0.03 
Magnesium (Mg) 80 0.2 
Sodium (Na) 11 0.03 
Lead (Pb) below detection limit - 
Zinc (Zn) below detection limit - 
Platinum (Pt) below detection limit - 
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Table S4. Breakdown of costs ($M) among key cost categories, by unit operation. Feedstock 
dominates the annual costs. Across unit operations, fermentation and purification are similar 
in magnitude, at approximately 10% each of total cost; in contrast, electrocatalysis is less 
than 2% of estimated cost. 
Unit Operation 
Unit 
Capital 
Capital + 
Lang Fac. 
Annual 
Capital 
Operating 
(excl. labor) 
Labor 
Total 
Annual 
Feedstock 
(glucose) 
$- $- $- $121.3 $0.9 $122.2 
Fermentation $10.0 $50.2 $8.2 $7.5 $2.2 $17.9 
Separation 
(centrif.) 
$1.3 $6.7 $1.1 $0.5 $0.2 $1.8 
Catalysis Total $0.9 $4.7 $0.8 $1.4 $0.5 $2.6 
   Purification I $0.1 $0.5 $0.1 $5.5 $0.1  
   Purification II $2.4 $11.9 $1.9 $9.0 $0.1  
Purification Total $2.5 $12.4 $2.0 $14.4 $0.2 $16.7 
Other Expenses     $4.3 $11.0 
Total -- -- $12.0 $145.2 $8.2 $172.1 
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     CHAPTER 6 – GENERA L CONC LUSION S 
 
GENERAL CONCLUSIONS 
  
 Biomass conversion offers a sustainable route to the production of a multitude of 
fuels and chemicals. Unfortunately, the swift implementation of this renewable resource is 
slowed in part due to the methods of how biomass is converted. Conventionally, the 
conversion of platform molecules in the petroleum industry takes place on heterogeneous 
catalysts. However, the conversion of biobased platform molecules requires a paradigm shift. 
Compared to petrochemistry, biobased chemicals require selective defunctionalization, which 
entails the use of catalysts able to selectively remove undesired functionalities in highly 
reactive feedstock molecules. In addition, these reactions typically occur in the condensed 
phase yielding new concerns about catalyst stability.  
 In this work, a two-step conversion strategy that transforms biomass to renewable 
monomers has been investigated. The initial transformation occurs using biological catalysts, 
which selectively convert glucose to muconic acid, a new platform molecule, by means of 
microbial fermentation using a metabolically engineered yeast. Chemical catalysts can then 
efficiently diversify this intermediate to value-added chemicals. While the complexities 
associated with reaction rates and selectivities are decoupled with the two-step conversion 
process, the combination of these two conversion techniques presents new barriers. 
Specifically, small amounts of biogenic impurities inherent to a fermentation broth readily 
deactivate common chemical catalysts. 
 To avoid deactivation, rather than engineering a complex catalyst, a simple 
electrochemical conversion scheme was selected and studied. We determined that a set of 
five metals are able to convert muconic acid to both direct and bio-advantaged replacement 
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monomers that enable the production of a wide variety of polyesters and polyamides with 
tailored functional properties. This robust approach provides for a two-step cascade 
conversion of biomass to renewable chemicals. 
 In an effort to improve the yields of the hydrogenated products derived from muconic 
acid, other metals were screened based on the catalyst’s metal-hydrogen binding strength. 
Metals that displayed a weak hydrogen binding strength produced a precursor for advanced 
polyamide synthesis, trans-3-hexenedioic acid, while metals with stronger hydrogen binding 
strengths displayed the production of trans,trans-muconic acid and adipic acid, chemicals 
used for the production of polyethylene terephthalate and nylons. Evidence for an outer-
sphere ECEC reaction mechanism for inert electrodes and an electrocatalytic route for Pd/C 
and Pt was provided. In addition to metal hydrogen binding strength, the co-existence of 
several reaction mechanisms will be an important consideration to make when designing an 
electrochemical reactor. 
 Overall, Pb, a common industrial electrocatalyst with large hydrogen overpotential, 
was selected for the larger scale electrochemical conversion of muconic acid. By applying a 
potential before the onset of the hydrogen evolution reaction and removing all other 
electroactive impurities in the electrolyte, Pb hydrogenated a saturated solution of muconic 
acid at a 94% yield to trans-3-hexenedioic acid with a 100% Faradaic efficiency directly in 
spent fermentation media. Considering the high yields and ability to cascade reaction steps, a 
technoeconomic analysis for the production trans-3-hexeneidoic acid was performed. A 
conservative value for the production of trans-3-hexenedioic acid at $2.13 kg
-1
 was obtained. 
The low cost was a direct result of coupled reaction techniques, which minimized the cost for 
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additional separation processes demonstrating the advantages of using a coupled biological 
and electrochemical conversion scheme to produce biorenewable chemicals.  
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              CHAPTER 7 – FUTUR E DIR ECTION S 
 
FUTURE DIRECTIONS 
 
 The conversion scheme outlined in this document provides a streamlined path to 
create biorenewable polyamides and polyesters with tunable properties. While the 
electrochemical conversion step integrates the upstream biological catalysis and the 
downstream separations, significant progress will need to be made to increase the yields and 
titers of muconic acid (MA) production. In addition, while trans-3-hexenedioic acid (t3HDA) 
provides routes to advanced polyamides and polyesters, routes to hydrophobic, flame 
retardant, and anti-static polymers need to be developed. Although current progress towards 
the synthesis of advanced plastics looks to be years into the future, processing routes are 
currently being developed. Companies such as Myriant are making headway to scale the 
production of MA, while thiol-ene chemistry is currently being demonstrated for the 
foundation of grafting synthesis on t3HDA. 
 Beyond nylon synthesis, the diversification of an electrochemical hydrogenation 
(ECH) for chemical synthesis should be expanded to other molecules, particularly platform 
molecules that have been synthesized by biological means. Since the publication of chapter 
2, the Palkovits group has demonstrated the hydrogenation of itaconic acid in the 
fermentation broth demonstrating the versatility of ECH, discussed in this dissertation, to 
streamline conversion steps.
1
 This strategy could likely transform bioprivileged molecules
2
 
such as triacetic acid lactone into new or existing chemicals utilized in the chemical industry. 
In addition, the hydrogenation of other crude mixtures such as bio-oil could offer a unique 
solution for molecule stabilization. 
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 While the ECH provides an efficient way to convert biologically produced 
intermediates, the strength of this technique is in the versatility of organic electrochemistry. 
Electrochemical redox reaction including electrohydrodimerization, Kolbe 
electrolysis/coupling, and electrocarboxlyation reactions provide an opportunity to couple 
short chain, high yield/titer fermentation derived products to longer chain, higher value 
chemicals. For example, the dehydration of 3-hydroxypropionic acid to acrylic acid followed 
by the electrocarboxlyation yields succinic acid while the Kolbe coupling reaction of  
succinic acid could yield adipic acid. Although these reactions have been known for almost a 
century, there is a large gap in how the electrode influences the coupling as well as the 
particular reaction pathways towards the coupling products. These studies, in addition to the 
hydrogenation, provide potential work to develop the bioeconomy and offer routes to 
understand the specific interactions between the electrocatalyst and reactant. 
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